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& r o c k e t  photometer was s u e c e s s f u l l y  flown on September 26, 

1964, with t h e  purpose of measuring t h e  a l t i t u d e  p r o f i l e  of sodium 

i n  the daytime. The sodium w a s  discovered t o  be concent ra ted  in 
- ---__- 
a v e ~ - ~  i i u r r o w  layer  of o n i y  > Kmo f u l l  width a t  h a l f  maximum 

4 
d e n s i t y  centered  a t  92.4 km, 

3 cm . 
The peak d e n s i t y  was 2,8 x atoms/ 

S iace  t h i s  d i s t r i b u t i o n  is fncons f s t en t  wi th  a photochem9oal- 

d i f f u s i o n  theo ry  based on t h e  assumption of a non-local eource of 

sodiump a new model is proposed i n  which charged, eodium-containing 

a e r o s o l  p a r t i c l e s  a r e  concentrated into a very narrow l a y e r  by 

means of a wind shea r  meChani6m. Sodium is then l i b e r a t e d  through 

t h e  a c t i o n  of s o l a r  r a d i a t i o n ,  The atoms d i f f u s e  away from t h e  

source u n t i l  t h e y  are e i t h e r  oxidized by ozone or ionized.  T h i s  

removal must take p lace  in a time which is of t h e  order  of t h e  

d i f f u s i o n  time i n  order t o  produce a narrow sodium d i s t r i b u t i o n .  

It fer quan t i t ave ly  shown t h a t  t h e  proposed model fits t h e  ex- 

A aTHoR. per imenta l  results under somewhat s i m p l i f i e d  condi t ions ,  
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1 .O INTRODUCTION 

The sodium resonance doublet  a t  5890-5896 1, is  a w e l l  

known f e a t u r e  of t h e  airglow,  The emissian h a s  been observed 

d u r i n g  t h e  day, t w i l i g h t ,  and n igh t ,  Extensive reviews of t h e  

sodium a i rg low a r e  given by Chamberlain', by Hunten', and by 

Donahue . 3 

The t w i l i g h t  emission is due t o  resonance s c a t t e r i n g  of 

solar photons by f ree  sodium atoms. Information about t h e  

t w f l i g h t  d i s t r i b u t i o n  of sodium i n  t h e  atmosphere can be obtained 

by measuring t h e  decrease i n  i n t e n s i t y  as t h e  shadow of t h e  e a r t h  

p a s s e s  through t h e  emi t t i ng  l aye r .  The d e r i v a t i v e  of t h e  i n t e n s i t y  

w i t h  r e spec t  t o  shadow he igh t  g ives  t h e  v e r t i c a l  d i s t r i b u t i o n  of 

t h e  sodium. I n  p r a c t i c e  t h e  shadow is n o t  sha rp  so t h a t  t h e  

d e r i v a t i v e  is only a f i r s t  approximation t o  t h e  d i s t r i b u t i o n .  To 

c a l c u l a t e  t h e  ex ten t  of t h e  shadow broadening, t h e  e f f e c t s  of tropo- 

ephe r fc  e x t i n c t i o n  and r e f r a c t i o n ,  ozone absorp t ion ,  and o t h e r  

f a c t o r s  must be  taken i n t o  account The r e s u l t s  of observa t ions  

i n v o l v i n g  t h i s  type  of a n a l y s i s  g ive  a l a y e r  which h a s  a d e n s i t y  

4 

peak nea r  90 km. with an average width of about 9 km. 5 S ince  

t h e  s u n l i g h t  passee through the  day l a y e r  be fo re  e x c i t i n g  t h e  

t w i l i g h t  sodium, t h e  e f f e c t  of a t t e n u a t i o n  by s e l f  absorp t ion  

must be  taken i n t o  account.  T h i s  involves  a knowledge of t h e  

daytime abundance. 

k r f n g  t h e  day, t h e  resonance s c a t t e r i n g  process  also 

takes place .  "he first c a l c u l a t i o n s  of t h e  dayglow i n t e n s i t y  were 

performed by Donahue . Subsequent e l a b o r a t i o n s  on t h e  theory  were 6 
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made by Brandt and Chamberlain', and by Blamont and Donahu2q 8 

Since  1960, observa t ions  of t h e  sodium dayglow have been c a r r i e d  

ou t  s y s t e m a t i c a l l y  a t  Haute Provenee and a l s o  a t  Tromsd 5 99 , 

These observa t ions  show t h a t  t h e r e  is a l a r g e  d i u r n a l  v a r i a t i o n  

i n  t h e  sodium abundance. The day t o  t w i l i g h t  abundance r a t i o  

ha8 a maximum of 5 i n  summer and a minimum of 2 i n  winter .  The 

average abundance is 14 x IO atoms/em 

v a r i a t i o n ,  

9 2 with  l i t t l e  seasona l  

The purpose of t h e  rocket  experiment descr ibed i n  t h i s  

n a n n w  wan t n  rnpaniiFe the Rodium density d i s t r i b u t i o n  dur ing  t h e  

day by a c t u a l l y  f l y i n g  through t h e  Payer,  

f u l  no t  only i n  t r a v e r s i n g  t h e  l a y e r  b u t  a l s o  i n  scanning i t  many 

t i m e s  from above, t hus  g iv ing  * g o o - d  a l t i t u d e  p r o f i l e s  of t h e  

d i s t r i b u t i o n .  

r -  r -- 
The f l i g h t  w a s  s u c c e s e  

A magnetic scanning Zeeman photometer, which can observe 

t h e  aodium emission i n  s p i t e  of a large Rayleigh s c a t t e r e d  back- 

ground at  t h e  same wavelengths, measured t h e  dayglow on t h e  day 

of t h e  f l i g h t .  

t h e  ground w a s  made wi th  t h a t  observed dur ing  t h e  f l i g h t .  In 

a d d i t i o n ,  t h e  t w i l i g h t  abundance w a s  measured so t h a t  t h e  existance 

of a d i u r n a l  e f f e c t  could be v e r i f i e d .  

Thus a comparison of t h e  i n t e n s i t y  obeerved from 

The rocke t  experiment showed t h a t  t h e  sodium w a s  concen- 

t r a t e d  i n  a very  narrow reg ion ,  having a f u l l  width a t  ha l f  

maximum d e n s i t y  of only 5 k m ,  The d f s t r i b u t f o n  wae pealred a t  about  

92.4 km.  wi th  a d e n s i t y  of 2.8 x 10 4 atsms/cm 3 , The abundance w a s  

i 
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atoms/cm2, t h u s  producing a day t o  t w i l i g h t  r a t i o  of about  30 

t w i l i g h t  l a y e r  had an a l t i t u d e  of 89.2 k m ,  and a f u l l  wfdth of 

8.8 km, 

The 

Blamont and Donahue5 have d iscussed  t h e  p o s s i b i l i t y  of an 

enhanced Bodfum l a y e r  fxl terms of a photochemical source. 

concluded t h a t  t h e  enhanced sodium d i s t r i b u t i o n  dur ing  t h e  day 

should be  a t  a lower a l t i t u d e  than t h e  t w i l i g h t  l a y e r  and somewhat 

wider ,  This conclusion was not supported by t h e  r e s u l t s  of t h e  

r o c k e t  f l i g h t .  Indeed f t  appears t h a t  t h e  sodium has  a l o c a l  

o r i g i n  r a t h e r  than a BOIPPCB involv ing  photochemistry and d i f f u s i o n  

a l o n e  . 

They 

In order  t o  produce the  observed sodium d i s t r i b u t i o n ,  i t  

is  proposed t h a t  a r e s e r v o i r  i n  t h e  form of a very t h i n  lager of 

meteor ic  dus t  p a r t i c l e s  e x i s t s  near  92 k m ,  

as o t h e r  meteoric  atoms) are l i b e r a t e d  From t h i s  l a y e r  through 

t h e  a c t i o n  of s o l a r  r a d i a t i o n ,  

fe e i t h e r  orfdfzed by ozone or i on ized  in a time which is of the 

o r d e r  of t h e  d i f f u s i o n  time, thus producing a t h i n  l a y e r  of f p e e  

atoms. I n  order  t o  c r e a t e  a narrow dus t  d i s t r i b u t i o n ,  i t  is 

suggested t h a t  t h e  p a r t i c l e s  may be charged, so t h a t  t h e  a c t i o n  

of t h e  n e u t r a l  wind p u l l s  them a c r o s s  t h e  e a r t h ' s  magnetic f i e l d  

l i n e s  and in t roduces  a v e r t i c a l  d r i f t  i n  t h e i r  motion, 

i n  t h e  wind can r e a d i l y  concent ra te  t h e  charged p a r t i c l e s ,  t h u s  

producing an extremely narrow dust  l a y e r  i n  s p i t e  of d i f f u s i o n ,  

Sodium atoms ( a s  welX 

Aa t h e  sodium d i f f u s e s  away, it 

Strong shears 

Quan t i t a t ive  r e s u l t s  show t h a t  under s i m p l i f i e d  condi t ions ,  

t h i s  eource can produce t h e  observed sodium l a y e r ,  



2,O MPEBIMENT 

I 
2,1 Instrumentatfon 

The f l i g h t  instrument  was similar i n  p r i n c i p l e  t o  t h e  

Zeeman photometer descr ibed by Blamont and Donahue , Magnetic 

scanning  w a s  no t  incorpora ted  i n  t h e  rocke t  experiment so t h a t  

d i sc r imina t ion  between t h e  sodium emission and t h e  Rayleigh 

s c a t t e r e d  background a t  t h e  same wavelength was impossible.  

However, t h e  instrument  was s o  s e l e c t i v e  i n  wavelength t h a t  t h e  

Rayleigh s c a t t e r e d  component became n e g l i g i b l y  s m a l l  abnve 30 km: 

t h u s  making t h e  scanning f e a t u r e  unnecessary. 

8 

A ske tch  showing t h e  o p t i c a l  system is seen i n  Figure 1. 

The instrument  cons i s t ed  of  two s e p a r a t e  o p t i c a l  channels whose 

o b j e c t i v e  l e n s e s  looked through two ho le s  i n  t he  s k i n  of a 

c y l i n d r i c a l  ex tens ion  of an Aerobee sounding rocke t ,  

focused by t h e  l e n s e s  through i n t e r f e r e n c e  f i l t e r s  ink6 pyrex 

c e l l s .  The o p t i c a l  channels were i d e n t i c a l  except for t h e  c e l l s ,  

In one channel, t h e  c e l l  contained sodium while  i n  t h e  o the r ,  t h e  

c e l l  w a s  empty, The sodium c e l l  was enclosed i n  an oven. When 

t h e  oven w a s  cold t h e  sodium condensed i n  t h e  t a i l  of t h e  c e l l  

making t h e  two channels nea r ly  i d e n t i c a l .  When l i g h t  en te red  

e i t h e r  of t h e  channels,  i t  w a s  focused t o  t h e  back of t h e  c e l l  

so t h a t  i d e a l l y ,  no s i g n a l  s h o u l d  have reached t h e  e x i t  l e n s  

and ,  subsequent ly ,  t h e  photomul t ip l ie r  tube.  However due t o  ef- 

f e c t s  such as s c a t t e r i n g  from the  b a f f l e s  and fzom imperfec t ions  

i n  t h e  g l a s s  c e l l ,  a c e r t a i n  amount of  s t r a y  l i g h t  found its way 

tc t k e  phatstube. As might  5s eayected, the airay i i g h i  wa6 d i f -  

L ight  was 

4 
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f e r e n t  i n  each of t he  channels,  

t h e  s e n s i t i v i t i e s  of t h e  two channele were ad jus t ed  t o  nea r  e q u a l i t y  

when t h e  sodium c e l l  w a s  cold. 

To compensate for these d i f f e r e n c e s ,  

When t h e  oven was heated,  sodium vapor formed. The vapor 

was capable  of s t r o n g l y  s c a t t e r i n g  r a d i a t f o n  only a t  t h e  resonant  

f requenciea  of sodium. 

f e o t r o p f c ,  a large component of t h e  r a d i a t i o n  waa s c a t t e r e d  i n  t h e  

d i r e c t i o n  of t h e  phototube, The r e s u l t  w a s  a l a r g e  i n c r e a s e  in 

s i g n a l  due t o  t h e  r a d i a t i o n  a t  the  sodium wavelength8 whi le  t h e  

res t  of t h e  r a d i a t i o n  wi th in  the  passband of t h e  i n t e r f e r e n c e  

f i l t e r  wae e s s e n t i a l l y  unaffected.  O f  course,  t he  output  of t h e  

second channel ( h e r e a f t e r  referred eo as t h e  w h i t e  l i g h t  channel 

because its purpose w a s  t o  measure t h e  Rayleigh s c a t t e r e d  con- 

tinuum) wae  a l s o  una l te red .  Then s u b t r a c t i o n  of t h e  two signals 

gave the i n t e n s i t i e s  a t  5890 A, and 5896 A, onlyr 

a typical response curve of t h e  instrument  t o  a whi te  l i g h t  sou rce0  

Because t h e  resonance s c a t t e r i n g  was v i r t u a l l y  

Pigure 2 shows 

A s p e c i a l  h e a t i n g  eyele w a 8  r equ i r ed  i n  o rde r  t o  prevent  

condensat ion of sodium vapor on the  head of t h e  cell, 

cons t ruc t ed  so t h a t  t h e  head and t h e  t a i l  could be hea ted  inde- 

pendent ly ,  thue enabl ing  a temperature g rad ien t  t o  b e  maintained 

a c r o s s  the ce l l ,  The h e a t i n g  procedure was first t o  h e a t  t h e  

head of t h e  calf t o  approximately 160' C, 

hea ted  t o  about 145'. 

a t  160' as t h e  t a i l  cooled, 

s e c t i o n  of t he  c e l l  always cooler  i n su red  a g a i n s t  condensation on 

t h e  head. 

The oven w a s  

Then the  t a i l  w a s  

To cool  the oven, t h e  head w a s  maintained 

Use of t h i s  cyc le  w i t h  t h e  t a i l  

The temprature si zach s e c t i s n  a? t h e  WST? XPB regdlated 
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c by a the rmis to r  c o n t r o l l e d  hea t ing  system. The the rmis to r  c u r r e n t  
I 

wae ampl i f ied  a n d u s e d  t o  con t ro l  a r e l a y ,  which i n  t u r n  connected 

t bat ter ies  t o  t h e  h e a t e r  c o i l s o  The e f f i c i e n c y  of t h e  system wa6 

maximfzed so t h a t  t h e  temperature w a s  r egu la t ed  t o  b e t t e r  than  1%. 

T h i s  w a 6  s u f f i c i e n t  t o  maintain a cons tan t  d e n s i t y  of sodium vapor 

i n  t h e  c e l l ,  t h u s  prevent ing  f l u c t u a t i o n s  i n  t h e  s i g n a l  due t o  

temperature  v a r i a t i o n s .  I n  add i t ion ,  a t h i r d  thermie tor  w a s  

u t i l i z e d  as a monitor t o  d e t e c t  changes i n  t h e  t a i l  temperature,  

The o b j e c t i v e  l e n s e s  were 50 m e  i n  diameter with a f o c a l  

l e n g t h  of 254 mm. 

a f o c a l  l eng th  of 100 mm. The i n t e r f e r e n c e  f i l t e r s  had t h e  

fo l lowing  s p e c i f i c a t i o n s :  a peak t ransmiss ion  of about 65% cen- 

t e r e d  a t  5890 A. ( +6A. ,  - 0 A. wi th  a f u l l  width of 40 A, a& 

h a l f  maximum t ransmiss ion  , 

541AOs. 

The ex i t  l e n s e s  had a diameter of 76 mm, and 

The photomul t ip l ie r  t ubes  were ASCOP 

Glass b l anks  were i n s e r t e d  a t  t h e  l i g h t  i n p u t  and output  

of t h e  oven eo t h a t  t h e  o p t i c a l  p a r t s  would be  p ro tec t ed  from t h e  

h e a t .  Becaaee of t h e  high temperature,  t h e  i n t e r f e r e n c e  f i l t e r  

in t h e  sodium channel w a e  supported by a w e l l  i n s u l a t e d  mount. 

The oven w a s  mounted on t e f l o n  suppor ts  t o  prevent  thermal con tac t  

w i t h  t h e  o t h e r  p a r t s  of t h e  instrument.  

Batteries t o  power t h e  oven h e a t e r  c o i l s  i n  f l i g h t  were 

mounted i n s i d e  t h e  suppor t ing  pos ts  on t h e  experiment. 'ha 

d e t e c t i n g  system power w a s  suppl ied from b a t t e r i e s  l o c a t e d  else- 

where i n  t h e  r o c k e t ,  

A block  diagram of t h e  e l e c t r o n i c s  is  shown i n  F igu re  3. 
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e lec t rome te r s  having a l i n e a r  response of 1 volt/lO-’ amp and a 

0-5 v o l t  output .  These c fgna l s  were then s e n t  t o  t h e  t e l eme t ry  

s e c t i o n  of t h e  rocke t ,  The time cons tan t  of t h e  a m p l i f i e r s  was 

about 3 msec,, so t h a t  rocke t  r o t a t i o n ,  which approached 305 rev/ 

s e c O  dur ing  t h e  f i r s t  p a r t  of’ t h e  f l i g h t ,  w a s  e a s i l y  followed by 

bo th  channels of t h e  photometer, The high vo l t age  w a s  monitored 

i n  o rde r  t h a t  changes i n  sfgnal due t o  power supply f l u c t u a t i o n s  

could be  de t ec t ed ,  The ou tpu t s  of both the  high vo l t age  monitor 

and t h e  temperature  monitor were commutated a t  a few t i m e s  per  

second on t h e  te lemet ry  system, 

A remotely operated c o n t r o l  box w a s  connected t o  t h e  

experiment through t h e  pull-away cab le  of t h e  rocke t .  This per- 

m i t t e d  con t ro l  of t h e  ampl i f i e r s  as we l l  as t h e  h e a t i n g  cyc le  

b e f o r e  launch, 

2 2  Cal ib ra t ion  

The rocke t  photometer was operated s imultaneously wi th  a 

Zeeman photometer both be fo re  and on t h e  day of t h e  f l i g h t .  A 

comparison of t h e  r e s u l t s  from t h e  two ins t ruments  gave an  a b s o l u t e  

c a l i b r a t f o n  of t h e  f l i g h t  photometer because t h e  Zeeman photometer 

w a s  a l r e a d y  c a l i b r a t e d  according t o  a method developed by Blamont 

and Donahue , 5 

On September 11, 1964, t h e  two ins t ruments  were opera ted  
h h t ,ogether  from about  18 00 (EDST) t o  19  00 at Wallops I s l and ,  The 

Zeeman device was pointed in the d i r e c t i o n  of t h e  pole  while  t h e  

f l i g h t  photometer w a s  a t  a 75’ z e n i t h  ang le ,  Before comparing t h e  



. 
t h e  d i f f e r e n t  a n g l e s  of observat ion,  

To determfie the change i n  in t en l s i ty  as a func t ion  of 

d i r e c t i o n  of observa t ion ,  a s e r i e s  of measurements were performed 

wfth t h e  Zeeman photometer on September 14th. 

measured i n t e n s i t i e s  a t  t h e  pole  and a t  z e n i t h  ang le s  of 53.5' 

and 7 5 O  s e v e r a l  d i f f e r e n t  times dur ing  the day, 

are shown i n  Ffgure 4, 

wavelengths and 5 is t h e  Rayleigh s c a t t e r e d  component. 

were co r rec t ed  f o r  small v a r i a t i o n s  in i n t e n s i t y  due t o  t h e  

nhan~r? fn m n f t h  angle  of t h e  6Uno The changes were less than  

25% from 50' s o l a r  e l eva t ion  t o  35' 

measuremente were taken 1. 

The instrument  

'phs r e s u l t s  

is t he  t o t a l  i n t e n s i t y  at t h e  sodium 

The d a t a  

t h e  i n t e r v a l  over which the 

fn Figure  5 t h e  6 O d f t n m  emission ra te  is shown a6 a functioa 

of obse rva t iona l  angle ,  "he data were no t  co r rec t ed  i n  t h i s  c a s e  

because t h e  i n t e n s i t y  d i d  not  change s i g n i f i c a n t l y  over t h i s  r ange  

of s o l a r  e l e v a t i o n  angle ,  Use of  these curves permitted a compar- 

ison of t h e  Zeeman output (Iv,) and t h e  i n t e n s i t y  recorded by 

the f l i g h t  inetrument ,  

are shown. The c a l i b r a t i o n  f a c t o r  w a s  found t o  be about 180 k i l o -  

r a y l e i g h s /  v o l t  f o r  a Zeeman c a l i b r a t i o n  of 5o0 kR/recorder unit. 

There w a s  a discrepancy between t h e  two curves for times earlier 

than  18~30. 

a m p l i f i e r s  i n  t he  f l i g h t  photometer s u f f e r e d  from ae ro  dr i f t .  

During t h e  Ca l ib ra t ion ,  t h e  f l i g h t  instrument  was mounted in t h e  

r o c k e t  ex tens ion ,  This  caueed cons iderable  d i f f i c u l t y  i n  measur- 

i n g  t h e  d r i f t  s i n c e  the l i g h t  i npu t s  were not  easy t o  seal ,  There- 

fore 

In Ffgure 6 t h e  r e s u l t s  of the comparison 

This d i f f e r e n c e  i s  probably due t o  t h e  fact  t ha t  t h e  

t'nree * * - - - -  --zwru - - -  raa&fiig~" w ~ r e  ~ ~ , d e  +~ring t h e  ~ n l L b r a f - i ~ n  ~mn: 
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Figure 4. Variation of Zeemran output with angle of observation. 
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Unfortunately t h e  d r i f t  w a s  n o t  measured i n  

discrepancy between t h e  two signals so t h a t  

the. r eg ion  of t h e  

t h e  i n t e n s i t y  from 

t h e  f l i g h t  photometer could have been i n  e r r o r .  The d r i f t  was 

found t o  be n e g l i g i b l e  from 19 10 t o  19 30, This placed confi-  

dence i n  t h e  comparison made a t  later times.  

h h 

A d if P a r  a n  .t t w i l i g h t  photometer w a s  provided by D, 

M. Hunten and w a s  operated during s e v e r a l  t w i l i g h t s  by K i t t  

Peak personnel.  

s i t e  so t h a t  t h e  Hunten photometer was c a l i b r a t e d  abso lu te ly .  

The Zeeman photometer and the  Hunten device  w e r e  opera ted  si- 

multaneously on seven t w i l i g h t s  t o  compare t h e i r  c a l i b r a t i o n s .  

A t y p i c a l  comparison i s  shown i n  F igure  7 0  

An abso lu te  c a l i b r a t i o n  l i g h t  source  was on 

There w a s  a problem connected with t h e  white  l i g h t  com- 

pensa t ion  of the Hunten photometer, 

over-compensated BO t h a t  when the Bayleigh s c a t t e r i n g  w a s  large 

as i n  e a r l y  t w i l i g h t ,  t h e  sodium signal was smaller than  i t  would 

have been f o r  a c o r r e c t  compensation. 'I!his e f f e c t  can b e  8een 

in Figure  7 i n  t h e  p l a t e s u  reg ion  of t h e  curveso  

over  compensation, a f r a c t i o n  of t h e  whi te  l i g h t  i n t e n s i t y  w a s  

added t o  t h e  sodium i n t e n s i t y  ao t h a t  a p l a t e a u  was obtained.  

Appl ica t ion  of t h i s  technique yielded i n t e n s i t i e s  for t h e  Hunten 

photometer which were, on t h e  average, 15% higher  than t hose  of 

t h e  Zeeman photometer, 

The inst rument  w a s  s l i g h t l y  

'Eo c o r r e c t  f o r  

The c a l i b r a t i o n  curve for t h e  Hunten photometer is given 

A rrleast-squareerw a n a l y s i s  w a s  performed on t h e  data i n  Eigure 8, 

from t h e  a b s o l u t e  ca l ib ra t io l i  source. The r e s u l t  of t h e  a n a l y s i s  

y i e l d e d  a c a l i b r a t i o n  of' 0,0500 kR/m, Ta match t h e  Zeeman in- 
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t e n s i t i e e ,  a c a l i b r a t i o n  of 0,0425 kB/m was requi red .  It appears 

t h a t  f u r t h e r  experimental  comparisons are necessary  be fo re  t h i s  
, 

l 

I 
discrepancy can be removedo The es t imated  e r r o r  i n  us ing  a tal- 

i b r a t i o n  of 180 kR/volt for the  f l i g h t  instrument  w a s  +45$-~35%. 

I On the day of t h e  f l i g h t ,  t h e  Zeeman photometer w a s  

po in ted  a t  a 75' zenfth ang le  in t h e  d i r e c t i o n  which w a s  t o  be 

I 

scanned by t h e  f l i g h t  photometer. 

ment recorded i n t e n d t i e s  a t  an  83' z e n i t h  ang le s  

s i g n a l s  from the  two photometers, an e x t r a p o l a t i o n  of t h e  curves 

i n  F igurea  4 and 5 w a s  performed, 

channel  of t h e  rocke t  experiment w a s  about 1 ,P v o l t  immediately 

af ter  launch, Unfortunately,  the a m p l f f i e r  s a t u r a t e d  a t  a r o c k e t  

a l t i t u d e  of about 0,4 k m ,  and s tayed i n  t h i s  condi t ion  u n t i l  

about  7 km, However the w h i t e  l i g h t  signal remained on s c a l e .  

An e x t r a p o l a t i o n  of t h e  sodium s i g n a l  from 7 k m ,  t o  t h e  ground w a s  

performed us ing  t h e  w h i t e  l i g h t  d a t a  and t h e  ex t r apo ia t ed  Zeeman 

w h i t e  l i g h t  d i sc r imina t ion .  The r e s u l t i n g  s i g n a l  from the sodium 

channel  ( af ter  s t r a y  l i g h t  s u b t r a c t i o n  w a s  very  c lose  t o  1,l 

vo l te .  This is t o  be compared with a Zeeman i n t e n s i t y  (%a) of 

200 kB. The agreement with the previous c a l i b r a t i o n  of 180 kR/ 

v o l t  w a s  exce l l en t .  These r e s u l t s  w i l l  be discussed  la te r  when 

t h e  data from t h e  f l i g h t  is  examined. 

Af te r  launch t h e  rocke t  i n s t r u -  

To compare the 

The s i g n a l  on t h e  sodium 

It is t o  be noted t h a t  i n  t h e  r educ t ion  of t h e  Zeeman 

d a t a  t h e  e f f e c t  of p o l a r f z a t i o n  of t h e  Rayleigh s c a t t e r e d  back- 

ground i n t e n s i t y  w a s  taken i n t o  account,  T h i s  e f f e c t  had pre- 

v i o u s l y  in t roduced  a sys temat fe  e r r o r  i n  t h e  magnetic scanning 

procedure.  A d i scuss ion  of t h i s  phenomenon is given by Gadsden, 
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2,3 Rockee Performance 

The rocke t ,  Aerobee 4,13, w a s  launched at  08 h 04 E,D,S.T. 

on September 26, 1964, from Wallops i s l a n d ,  V i rg in i a  ( l a t i t u d e  

37°508N, longf tude  75'20 IW). The launch eoord ina tes  were 122' 

aefmuth (from North) and 8 9  e l eva t ion ,  

apogee of l20 ,4  km, and impacted a t  a range of 77 km.  

used t o  ob ta in  v e l o c i t y  and pos i t i on  da ta  whi le  magnetometers 

and sun senso r s  were employed t o  determine t h e  o r i e n t a t i o n  of 

t h e  rocke t .  

The v e h i c l e  reached an 

Radar w a s  

"he f l i g h t  h i s t o r y  is depicted i n  F igure  9 ,  The rocke t  had 

an a t t i t u d e  c o n t r o l  system (ACS) which w a s  t o  put  i t  through a 

series of maneuvers ( no t  r equ i r ed  f o r  t h e  sodium experiment ). 

Unfortunately,  t h e  ACS malfunctioned a t  somewhat inopportune t i m e s ,  

and t h u s  caused d i f f i c u l t i e s  i n  i n t e r p r e t a t i o n  of t h e  a t t i t u d e  d a t a ,  

The r a c k e t  de-spin mechanism was a c t f v a t e d  a t  about 78 km. 

Due t o  l o s s  of s p i n  s t a b i l i z a t i o n ,  t h e  precess ion  ang le  of t h e  

v e h i c l e  then  became somewhat l a r g e r ,  

magnetometer s t a r t e d  t o  c a r r y  R, F, pickup, t h u s  making i ts  out- 

pu t  in many cases  quest ionable ,  The l o n g i t u d i n a l  magnetometer 

s u f f e r e d  a loss i n  s e n s i t i v i t y  a t  launch, r ende r ing  i t  u s e l e s s o  

F o r t u n a t e l y ,  t h e r e  were t h r e e  l a t e r a l  ADCOLE-type sun senso r s  and 

one l o n g f t u d i n a l  sun sensor on board, 

At t h e  same time, t h e  l a t e r a l  

Ae t h e  rocke t  passed through t h e  sodium l a y e r ,  i t  w a s  no t  

s p i n n i n g  al though i ts  zen i th  angle  was changing s l i g h t l y .  At 

tiid AJlS cauaet J.L- -..-.I--& &a 2 - ^ - A  0 -a  :.c- -..-:At. aboi3t 96 $no, GU'G L U b h G  L. V U  J. ILU, I  CUDG & U D  YGill&.*LI 
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angle t o  about 35' and t o  begin sp inn ing  i n  t h e  oppos i te  d i r e c t i o n .  
I 
I Thler motion, coupled with a precession cone of near  5O h a l f  angle ,  

cont inued through apogee u n t i l  about 75 km, on descent  where t h e  

veh fc l e  turned Over. 
! 
, 

The methods of a t t i t u d e  de te rmina t ion  are  d i scussed  5.n the 1 
next s e c t i o n  and fn Appendix A. 

2,4 Data 

Data were obtained from Paunch u n t i l  t h e  rocket  tumbled, 

The rocke t  experiment scanned t h e  sodfum d i s t r i b u t i o n  from s e v e r a l  

d i f f e r e n t  o r i e n t a t i o n s  durfng t h e  f l i g h t  60 t h a t  e x c e l l e n t  p r o f i l e s  

of t h e  l a y e r  were obtained,  

The inst rument  was turned on b e f o r e  launch ( t h e  d e t e c t o r  

head was 8eaPed ). 

sponae of t h e  photometer t o  Raylefgh s c a t t e r i n g  ( except a t  t h e  

sodfum wavelengths 1. Since the a m p l i f i e r s  s u f f e r e d  from zero  

d r i f t ,  t h e  ze ro  l e v e l  of the  sodium channel ( which must be  kep t  

p o s i t f v e  because of telemetry was + 2,5 v o l t s  a t  launch so 

t h a t  o n l y  a l i t t l e  more than half  of its dynamic range was usab leo  

It was extremely f o r t u n a t e  that a g r e a t e r  magnitude w a s  n o t  re- 

qu i r ed  dur ing  t h e  reg tons  of i n t e r e s t  i n  t h e  f l i g h t ,  The ampli- 

fiers did  s a t u r a t e  when t h e  photometer looked i n  t h e  d i r e c t i o n  of 

t h e  ear th  because of t!ie large amamt of Rayleigh s c a t t e r i n g  and 

a lbedo ,  bu t  t h i s  w a s  of no consequence, The sodium channel ampli- 

f i e r  had n e g l i g i b l e  d r i f t  during t h e  f l i g h t ,  al though t h e  whi te  

l i g h t  signal inc reased  slowly, This e f f e c t  w a s  taken i n t o  ac- 

count  i n  t h e  white  l i g h t  data reduct ion,  The u n c e r t a i n t y  i n  t h e  

This w a s  poss ib le  because of  t h e  small re- 
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d a t a  reduct ion.  w a a  f a i r l y  s m a l l  ( aboul 7:; :I, 

As t h e  rocke t  l e f t  t h e  launching  tower, both channels 

recorded s i g n a l s .  The sodium,ehannel qu ick ly  s a t u r a t e d  and w a s  

i n  t h i s  condi t ion  u n t i l  t h e  rocket reached an a l t i t u d e  of 7 k m ,  

The whi te  l i g h t  channel r e g i s t e r e d  a s i g n a l  first from t h e  sky; 

then  as t h e  v e h i c l e  r o l l e d ,  t h e  photometer swept down a c r o s s  t h e  

horizon,  the ocean, t h e  horizon, and t h e  sky once again, A t  a 

rocket zen i th  angle  o f  83O, the  i n t e n s i t y  seen by t h e  photometer 

as i t  swept a c r o s s  t h e  e a r t h  was very l a r g e  and both a m p l i f i e r s  

were overloaded. When t h e  instrument looked a t  t h e  sky again.  

t h e  s i g n a l  came back on s c a l e o  A earnple o sc i l l og raph  r eco rd  of 

t h i s  scanning proaedure is  shown i n  Figure 10, The a l t i t u d e  w a e  

about  20 km. "he upper t r a c e  i n  Figure 10 is the  sodium s i g n a l ,  

w h i l e  t h e  lower i s  t h e  white l i g h t  signal. 

The white  l i g h t  channel s a w  v i r t u a l l y  nothing above 30 

km.when.it ldoked up s o  t h a t  the'sodfum channel s igna lwas  e n t i r e -  

l y  due t o  emission f r o n  atmospheric sodium. The two s i g n a l s  are 

p l o t t e d  up t o  95 km, i n  Figure 11, IGa is t h e  s i g n a l  from t h e  

sodium channel while  Iwl i s  the  white l i g h t  i n t e n s i t y  ( Iwl must 

be mul t ip l i ed  by 0.95 t o  adjust i t s  s e n s i t i v i t y  t o  

Throughout t h e  f l i g h t ,  t h e  Zeeman photometer w a s  po in ted  

a t  a z e n i t h  ang le  of 75' i n  t he  d i r e c t i o n  which was scanned by 

t h e  rocke t  experiment. The Zeeman s i g n a l s  were ex t r apo la t ed  t o  

an obse rva t iona l  angle  of 83' for comparison with t h e  d a t a  from 

t h e  f l i g h t  photometer. Af t e r  t h i s  c o r r e c t i o n ,  t h e  sodium emission 

recorded by t h e  Zeeman photometer was about 60 k L  

i n  Figure 11 t h e  i n t e n s i t y  seen by t h e  f l i n h t  fnstrument w a s  

Motiae t h a t  
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about 74 ICR, a t  35 km, 

a t  77 km. 

t h i s  region.  The s o l i d  l i n e s  represent  t h e  r e s u l t s  of t h i s  

a n a l y s i s ,  If t h e  curve is l i n e a r l y  ex t r apo la t ed  downward t o  

t h e  ground, t h e  r e s u l t a n t  i n t e n s i t y  is very  near  60 kR, 

t h e  ex t r apo la t ed  curve ( given by t h e  do t t ed  l i n e  i n  F igure  11 

s t r a d d l e s  t h e  c i r c l e s  which r ep resen t  t h e  Zeeman decomposition 

of IGa. 

meter w a s  a c t u a l l y  measuring t h e  sodfum dayglow, 

Then f t  slowly inc reased  t o  about 83 kR, 

A "least-squares" a n a l y s i s  w a s  done on t h e  data i n  

&SO, 

There is now very  l i t t l e  doubt t h a t  t h e  Zeeman photo- 

The dashed ?art n f  t h e  mrvp zivon fnr T *  f r n m  0 -Na - - - -  

7 km, w a s  obtained by use of t h e  Zeeman decomposition and t h e  

whi te  l i g h t  d a t a  f o r  t h a t  region.  This e x t r a p o l a t i o n  w a s  in 

e x c e l l e n t  agreement with t h e  signal. from t h e  sodium channel 

b e f o r e  s a t u r a t f o n ,  

After "burn-out" t h e  rocke t  began precess ing  wi th  a 

h a l f  angle  of about zoo  Since  the photometer was looking  a t  an 

e s s e n t i a l l y  "broad" source from b e l o w  t h e  l a y e r ,  t h e  e f f e c t s  of 

p recess ion  were not important a t  low a l t i t ude . ,  

approached, however, t h e  d i r e c t i o n  of observa t ion  became q u i t e  

c r i t i c a l .  The change i n  z e n i t h  angle  of t h e  rocke t  as i t  t r a v e r s e d  

t h e  l a y e r  was small, However, it w a s  no t  n e g l i e b l e ,  f o r  i t  pro- 

duced t h e  very  s h a r p  change i n  i n t e n s i t y  a t  90 km. This  important  

region w i l l  be  d iscussed  l a t e r  when t h e  r a d i a t i v e  t r a n s f e r  methods 

As t h e  l a y e r  w a s  

are used t o  i n t e r p r e t  t he  r e s u l t s o  

As w a s  prev ious ly  mentioned, near  96 km, t he  rocke t  was 

t i l t e d  t o  a- z e n i t h  angle  of  about 35' and began t o  s p i n  i n  t h e  

oppos f t e  d i r e c t i o n ,  The s p i n  r a t e  i nc reased  t o  a maximum of 
I 
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0.2 per  sec. be fo re  t h e  rocke t  turned over 

A t  t h i s  ang le  of observat ion,  t he  scanning 

a t  75 km, on descent ,  

of t h e  photometer was 

extremely e f f e c t i v e  i n  determining the spat ia l  d i s t r i b u t i o n  of 

t h e  sodium. 

The scanning procedure for the  r eg ion  of t h e  f l i g h t  when 

the  rocket  wa6 above t h e  s o d i u m l a y e r  is shown i n  Figure 1 2  alung 

wi th  a corresponding i n t e n s i t y  p l o t ,  At nan, t h e  photometer began 

t o  sweep through t h e  l a y e r ;  a t  "bvt t h e  largest  amount of sodium 

emission wa6 observed, Rayleigh s c a t t e r i n g  from t h e  lower atmorr- 

?hevp heenme i ~ > ~ ~ t e ~ t  Z% "c" e !%E p . f ; ~ k ~ i ~ s t e r  tiisii auaiiueii 

acroe8  the s u r f a c e  of t h e  e a r t h  and up through t h e  l a y e r  aga in ,  

An osc i l l og raph  r eco rd  of a complete scan is shown i n  F igu re  13. 

Again the upper t r a c e  fs t h e  s i g n a l  from t h e  sodium channel,  and 

the lower t r a c e  is t h e  white  l i g h t  s i g n a l ,  There were several! 

i n t e r e s t i n g  f e a t u r e s  ev ident  i n  the whi te  l i g h t  trace, The in- 

t e n s i t y  inc reased  t o  a maxbum as t he  photometer scanned a c r o s s  

t h e  horizan,  The s i g n a l  then  deoreased s l i g h t l y ,  u n t i l  t h e  re- 

f l e c t i o n  of t h e  sun i n  t h e  ocean was encountered. The large 

i n c r e a s e  in t h e  s i g n a l  at  t h i s  point  can be seen  in  Figure  13. 

The photometer then  scanned ac ross  the hor izon  and through the 

l a y e r  aga ino  

Due t o  t h e  l i m i t e d  dynamic range i n  t h e  sodium channel,  

Rayleigh s c a t t e r i n g  and albedo quick ly  s a t u r a t e d  its amplifier 

as t he  photometer scanned t h e  l o w e r  atmoephere, However, t h e  

sodium emission s i g n a l  was w e l l  w i t h i n  t h e  maximum capac i ty  of 

t h e  ampl i f i e r ,  

Tnere w e r e  a t o t a i  of eigne complete scans  from 87 km, on 



I F i g m e  12. DAagram of scanning mode. ZUrections 4 b, c cor- 
respond to the intensfties at a, b, C .  

t 
I 
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. a s c e n t  u n t i l  t h e  rocke t  tumbledo 

t i o n  prevented u t i l i z a t i o n  of t h e  firstO la s t ,  and half of the 

eeventh,  eo t h a t  e leven i n d i v i d u a l  l a y e r  sweeps provided u s e f u l  

d a t a  , 

However poor a t t i t u d e  informa- 

To determine t h e  d i r e c t i o n  of observa t ion  f o r  the reg ion  

of t h e  f l i g h t  when t h e  rocke t  wae  above the l a y e r ,  the  magneto- 

meter and sun senso r  d a t a  were u6edo The azimuth and Benith 

anglee  of t h e  rocke t  were found fn t h i s  way, bu t  t h e  Re H. pickup 

on t h e  l a t e r a l  magnetometer prevented an accu ra t e  de te rmina t ion  

of t h e  s p i n  angle ,  However, a method w a s  developed i n  which t h e  

d a t a  from t h e  whi te  l i g h t  channel were u t i l i z e d  t o  f i n d  t h e  va lue  

of t h e  rocke t  epin.  

Thfs t echnique  averaged over t h e  precession of t h e  rocke t  60 t h a t  

t h e r e  w a s  an fnherent  e r r o r  present ,  

proved t h i s  inaccuracy t o  be smaller than t h a t  encountered by t h e  

noisy magnetometer. 

The method is descr ibed  i n  Appendix A, 

Fo r tuna te ly  c a l c u l a t i o n s  

The data from t h e  eleven sweeps a r e  given in Figuras 17 

through 27, 

2,5 Radia t ive  Transfer  I n t e r p r e t a t i o n  

I n  t h e  s t eady  s ta te  t h e  dens i ty  of e x c i t e d  atoms is given 

f 

where no(r) ia t h e  dens i ty  of  atoms d i r e c t l y  e x c i t e d  by the solar 

r a d i a t f o n ,  and G ( P , P ~ )  dsdr* fs the p r o b a b i l i t y  t h a t  a photon 

w i l l  be e&-tted frem a_ v a l u ~ e  eleaent  d r v  sf: r' e d  ettbesqiieiitly 

- -  - -  
- I 



be absorbed En d r  a t  2. Pt 35; pmsible  t o  change variable from a l t i t ude  

z t o  opt ical  thickmss T defined as 

2. 

= aipiz') Q1z' 

where Cg is the  absorption crcss sec3on a t  the center of the l i n e  and 

e (z) i s  the unexcited aton! density. This i s  due t o  the f ac t  t ha t  e i s  

a function of z only. men  n ( r )  - becomes 

J where H i s  the probabalfty tha t  a Fhoton l e  emitted from d7' ' a t  7" and 

l a t e r  absorbed i n  d" aC, 7 

The in tens i ty  of photons asrfvirrg a t  any distance I' i s  given by 

In (4) f is the radiative +,mr,sitfc~n probabili ty per uni t  time and T (q;) 

is the  HQhte in  probabili ty func%i;qm defined as the probabili ty t h a t  a 

photon w i l l  be emitted a t  7' arid travel 9 dLstance I'Y-7'1 without being 

absorbed. 
10 Biberman showed t ha t  the expression fo r  the excited atom density 

n ( T  ) can be writ ten i n  the following manner if' E (7 i s  defined a s  the 

probabi l i ty  that a photon w i l l  be en%t,ted i r t  a cer tain v a l u e  element and 

a r r ive  a t  the boundaries without being absorbed: 



E is given by 
r 

A s  a first approximation of t h e  e x c i t e d  atom dens i ty ,  

t h e  first term on t h e  r i g h t  of (5) may be used, 

E (‘7‘) does not vary  r a p i d l y  as a func t ion  of T r  t h e  approxima- 

t i o n  is very Close t o  t h e  t r u e  s o l u t i o n ,  

When ne ( r ) /  

Since  t h e  v e r t i c a l  

o p t i c a l  t h i ckness  w a s  found t o  b e  0,06 f o r  t h e  sodium l a y e r ,  

t h i s  approximation w a s  used t o  determine t h e  e x c i t e d  atom dens i ty ,  

The e r r o r  introduced i n  t h e  s o l u t i o n  w a s  a t  most on ly  10% near  

t h e  boundries  of t h e  l a y e r .  

If 818 is t h e  i n c i d e n t  s o l a r  flux, 8 is its angle of 
.O 

i nc idence  and K ( ‘y)  is t h e  absorp t ion  c o e f f i c i e n t ,  then  t h e  rate 

of abso rp t ion  of d i r e c t  s o l a r  r a d i a t i o n  (continuum), 

given by 

Ino ,  is 

This is  e a s i l y  seen t o  be 

where AV is t h e  absorp t ion  Pine width (Doppler i n  t h e  p re sen t  

ca se  of sodium). Thus t h e  exc i t ed  atom d e n s i t y  is  given by 

The next  s t e p  is t o  p o s t u l a t e  a d e n s i t y  d i s t r i b u t i o n  and 

r e l a t e  it  through t h e  angle  of observat ion t o  t h e  o p t i c a l  thiCkm88,  



The sha rp ly  va ry ing  i n t e n s i t y  observed from t h e  upper part of 

t h e  sodium d i s t r i b u t i o n  by t h e  rocket  experiment suggested an 

exponen t i a l ly  shaped d e n s i t y  func t ion ,  The ins t rument ,  of course,  

averaged t h e  i n t e n s i t y  over its s o l i d  ang le  so t ha t  t h e  d i f f e r e n c e  

between, say ,  a Gaussian and an exponent ia l  layer could not  be 

discerned.  Therefore,  for t h e  sake of f l e x i b i l i t y  a model was 

chosen accoading t o  t he  fol lowing d e f i n i t i o n :  

I 
where ce is t he  a l t f t u d e  

- -  
e+ T O  F O P  2530 

of maximum d e n s i t y ,  and 5 and 5 a r e  

t h e  r e s p e c t i v e  s c a l e  h e i g h t s  of t he  top  and bottom of the l a y e r  

r e s p e c t i v e l y .  

To r e l a t e  t h e  a l t i t u d e  d i s t r i b u t i o n  of sodium t o  the 

o p t i c a l  t h i ckness  a long  the  l i n e  of s i g h t ,  t h e  ascending and 

scanning  r eg ions  of t h e  f l i g h t  were considered i n d i v i d u a l l y ,  

F i r s t  waethe case  i n  which t h e  photometer looked through t h e  l a y e r  

on ly  once ( a s c e n t  1. The o p t i c a l  t h i c k n e s s  a long  t h e  l i n e  of 

s i g h t  

where 

can be  w r i t t e n  a13 

r = CG e c s m  i 
S is  t h e  path l e n g t h  in t h i s  d i r e c t i o n .  

From Figure  14, which shows the  two modes of scanning, 

t h e  fo l lowing  equat ion  is evident ,  

(12 z 
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o r  

I 

The above q u a n t i t f e s  are de f ined  as h the  figure,, 

R0+5 and R e Ro+h where z is the  a l t i t u d e  above t h e  earth f o r  a 

p a r t i c u l a r  S ( and 8 ) p  and h is t h e  a l t i t u d e  of t h e  rocke t ,  

t h e  fo l lowing  equat ion r e s u l t s  

S ince  P = 

This expression is s u b s t i t u t e d  i n t o  (10) t o  g e t  ?(SI. 

d e n s i t y  i e  then  i n t e g r a t e d  from S t O  t o  S ( a 0 )  u s i n g  t h e  lower 

express ion  i n  ( l o ) ,  
used f o r  i n t e g r a t i o n  out t o  S. The maximum value  of S w a s  chosen 

t o  b e  S (125 km.). 

using t h e  s tandard  forms f o r  T ( ‘Y sec 8 and E (7 Next t h e  

i n t e n s i t y  is determined f o r  t h i s  p a r t i c u l a r  va lue  of 8 

i n c l u d e  t h e  e f f e c t s  of t he  f i n i t e  i n s t rumen ta l  s o l i d  angle ,  t he  

i n t e n s i t y  is found f o r  va r ious  po in t s  i n  t h e  i n t e r v a l  e , 
where & is t h e  h a l f  angle  of t h e  i n p u t  ape ra tu re .  These in t en -  

s i t i e s  are then averaged over t h e  f i e l d  of view t o  g ive  t h e  

i n t e n s i t y  recorded by the  photometer. 

The 

A t  S ( B ~ )  t h e  second form of e (2) is 

The e x c i t e d  atom d e n s i t y  is then ca l cu la t ed  

!b 

2 6 

During t h e  fa t  e r  region,  t h e  problem was somewhat 

more complicated because t h e  photometer scanned through t h e  l a y e r  

twice ,  E s s e n t i a l l y  t h e  same method as i n  t h e  ascending case,  

w a s  used t o  determine I 

e x e r c i s e d  t o  inc lude  cont r ibu t fons  t o  t h e  i n t e n s i t y  from two 

d i f f e r e n t  p a r t s  of t h e  l a y e r ,  

( T ) although cons iderable  ca re  w a s  



. 34 

Figure 14. Geometry of ascending and scanning regions of the 
f l i g h t .  



35 

It is noted t h a t  i n  t h i s  s o l u t i o n  it has been assumed 

t h a t  the e l e v a t i o n  of t h e  sun was cons tan t  over t h e  e n t i r e  scann- 

i n g  region.  

14' solar e leva t ion ,  

This  w a s  found t o  b e  a good approximation f o r  a 

This  r a d i a t i v e  transfer s o l u t i o n  was programmed on the 

I.B,H. 7090 computer, 

t h a t  t h e  i n t e n s i t y  could be c a l c u l a t e d  f o r  any rocke t  a l t i t u d e  

and ang le  of observat ion.  The s o l i d  angle  effect  w a s  inc luded  

i n  t h e  program t o  give a c a l c u l a t i o n  of t h e  a c t u a l  i n t e n s i t y  

The program w a s  made q u i t e  f lex ib le  BO 

r e c o r d e d  hy nh-+fime+n-- *- - - -I- - -- 5-e czztrtb:tizzz f r c ~  Fk>-l.s%gk 

s c a t t e r i n g  and albedo were no t  included. 

The r e s u l t  of t r y i n g  d i f f e r e n t  va lues  of z o , ~ ( Z a ) ,  5 
and H 

fo l lowing  d e n s i t y  d i s t r i b u t i o n :  

92.4 km. with a d e n s i t y  of 2.8dO 

t o  match t h e  ascending and scanning data y i e lded  t h e  2 
an average peak a l t i t u d e  of 
4 atoms/cm3 and a half width 

of 2.5 km. 

h a l v e s  of t h e  l a y e r .  Although the  experiment could only g ive  

a measure of the  upper half of t h e  d i s t r i b u t i o n ,  the lower half 

could not  have been t o o  much l a r g e r ;  otherwise,  a l a r g e r  o p t i c a l  

t h i c k n e s s  would have been necessary t o  match t h e  peak i n t e n s i t y .  

The model would than  have been i n c o n s i s t e n t  w i t h  t h e  data from 

o t h e r  parts of t h e  f l i g h t .  

The s c a l e  he igh t  was chosen t o  be equal  on bo th  

The s c a l e  he igh t  a n a l y s i s  involved an e r r o r  of about 

+0,5 km. and -0.2 km, T h i s  caused an u n c e r t a i n t y  i n  t he  d e n s i t y  

sf about  20% when matching the t h e o r e t i c a l  curves  t o  t h e  exper- 

iment. 

aons"rdar.ej. fa conjunct ion w i t h  each phase of t h e  flight, 

The dev ia t ion  i n  a l t i t u d e  uf maximum d e n s i t y  w i l l  be 
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Figure  15 g ives  t h e  t h e o r e t i c a l  a n a l y s i s  of t h e  ascending  

p a r t  of t h e  f l i g h t  up t o  an a l t i t u d e  of 75 km. where t h e  angular 

coord ina tes  of t h e  rocke t  became important .  Included i s  t h e  ex- 

per imenta l  measurement of t h e  i n t e n s i t y  a t  t h e  sodium wavelengths. 

That is, t h e  d i f f e r e n c e  between t h e  two curves  i n  Figure 11. The 

f i t  is q u i t e  good although i n  many cases  because of a m p l i f i e r  

no i se ,  t h e  e r r o r  i n  reading  a p a r t i c u l a r  data poin t  w a s  as much 

as - + 10 kR. 

c a l c u l a t i o n  gave 58 kR, compared t o  t h e  Z e e m a n  photometer r ead ing  

of 66 a. 

It is noteworthy t h a t  a t  ground l e v e l  t h e  t h e o r e t i c a l  

There were a few p e c u l i a r  p o i n t s  i n  t h e  experimental  d a t a  

f o r  t h e  a l t i t u d e  i n t e r v a l  of 20 t o  30 km.  as seen i n  F igure  15. 

Near 20 km. t h e  i n t e n s i t y  seemed t o  match t h e  curve a t  lower 

a l t i t u d e s .  Then from 23 k m .  t o  26 km. t h e r e  w a s  a reg ion  of 

s l i g h t l y  h igher  i n t e n s i t y .  It i s  tempting t o  suggest  t h a t  ozone 

abso rp t ion  caused t h e  v a r i a t i o n .  As t h e  rocke t  passed through 

t h e  ozone l a y e r ,  t h e  absorp t ion  would decrease,  causing a change 

i n  s l o p e  of t h e  curve. It w a s  s i g n i f i c a n t  t h a t  t h i s  decrease  w a s  

ve ry  nea r  t h e  a l t i t u d e  a t  which ozone is  normally d i s t r i b u t e d .  

However, s i n c e  t h e  change w a s  within t h e  mean dev ia t ion  of t h e  

d a t a ,  it w a s  not c e r t a i n  t h a t  these  p o i n t s  were r e a 1 , i n t e n s i t i e s .  

When t h e  rocke t  stopped sp inning  a t  about 80 km., t h e  

ACS had pointed t h e  sodium experiment away from t h e  ea r th .  The 

z e n i t h  angle  of observat ion w a s  near 90". 

spread in t h e  d a t a  in t h i s  region as can be  seen i n  F igure  16. 

The sp read  undoubtedly was r e a l  because i t  exceeded obse rva t iona l  

e r r o r .  These f l u c t u a t i o n s  may have been due t o  inhomogeneities 

There w a s  a large 



37 

a 

0 
Q) 

9 
a 
B 



a 

a 

0 a 

a 

- 
K 
Y 
Y 

a 

t 
k 150.-g3° 
v) z 0 

W 
I- z 
Y 

0 

so - -  

86 00 90 92 94 96 
ROCKET ALTITUDE (km) 
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layer. The large increase  at 96 km, was due t o  rocket  
motion. 
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i n  t h e  l a y e r ,  

very  sha rp  decrease  between 90 and 91krn. T h i s  i s  t o  be compared 

wi th  t h e  t h e o r e t i c a l  curves which a l s o  are  p l o t t e d  i n  F igure  16 

f o r  v a r i o u s  ang le s  of observat ion,  Examination of t h e  a t t i t u d e  

d a t a  i n d i c a t e d  t h a t  t h e  ahange in zenf th  angle  of  t h e  rocke t  w a s  

about  3' from 90 t o  91 km, 

ques t ionab le  because t h e  l a t e r a l  magnetometer output  w a s  ve ry  

poor a t  t h i s  t i m e .  Therefore by using t h e  maximum and minimum 

p o s s i b l e  valuee f o r  t h e  r o & e t  spin a n g l e , l i m i t s  could be set  

on the v a r i a t i o n  of t h e  angle  of observat!.on Acomparison of t h e s e  

limits w i t h  the d a t a  and t h e  t h e o r e t i c a l  curveei i n  F igu re  16 

showed t h a t  t h e  maximum p o s s i b l e  a l t i t u d e  of t h e  aradiumlayar 

( with  a 2,5 km. s c a l e  he igh t  

8808 km, Tbe most l i k e l y  he igh t  determined from t h e  a t t i t u d e  

data was 89.8 km. It is noteworthy t h a t  t h e  model used for t h e  

t h e o r e t i c a l  curves  could no t  have had a s c a l e  he ight  much more 

than  2.5 km.; otherwise,  t h e  r equ i r ed  change in t h e  d i r e c t i o n  o f  

observa t ion  would have been incompatible w i t h  t h e  a t t i t u d e  data. 

The l a y e r  a c t u a l l y  could have had a s c a l e  he igh t  of l e s s  

In any case ,  t h e  most s t a r t l i n g  f e a t u r e  w a s  t h e  

The sp in  ang le  of t h e  rocke t  was 

was 90Q4 km., and t h e  minimum was 

t h a n  2.5 km, and s t i l l  have been compatible w i t h  t h e  a t t i t u d e  

informat ion ,  

l a t e r  i n  t he  f l i g h t  would then  have been impossibleo 

However agreement w i t h  the  scanning d a t a  taken 

It is conceivable t h a t  a s i n g u l a r i t y  i n  t h e  sodium 

d i s t r i b u t i o n  might have been r e spons ib l e  for t he  s t e e p  i n t e n s i t y  

g r a d i e n t  a t  90 km. Since t h e  a t t i t u d e  d a t a  i n d i c a t e d  t h a t  a 

change i n  obse rva t iona l  angle  oeeurred a t  t h a t  t i m e ,  an inhomo- 

g e n e i t y  i n  t h e  lager d id  no t  seem t o  be a l i k e l y  explana t iono  

I 

I 



. 
B o d v e r  t h e  a t t i t u d e  information w a s  no t  accmrate enough t o  

40 

e n t i r e l y  eliminate t h i s  p o s s i b i l i t y .  

A t  about 95 km. t h e  ACS began t o  s p i n  t h e  rocke t  i n  t h e  

oppos i te  d i r e c t i o n  and tilt it  over t o  a z e n i t h  ang le  of about 

35'. This motion caused t h e  l a r g e  i n c r e a s e  i n  i n t e n s i t y  a t  

96 km. i n  F igure  16. Unfortunately due t o  t h e  s p i n ,  p recess ion ,  

and poor magnetometer da t a ,  no f u r t h e r  a t t i t u d e  information was 

obta ined  u n t i l  t h e  veh ic l e  reached an a l t i t u d e  of about 119 km. 

F igures  17  through 27 show t h e  t h e o r e t i c a l  curves which 

gave t h e  b e s t  f i t  t o  t h e  experimental  p o i n t s  ( i n d i c a t e d  by t h e  

d o t s  >. 
parameter Z ( def ined  by equat ion (14)). 

of t h e s e  models are l i s t e d  i n  T a b l e  I. 

The i n t e n s i t y  is p l o t t e d  a s  a func t ion  of impact 

The c h a r a c t e r i s t i c s  

The scans  are given a6 

2a, 2b, 3a, etc . ,  where 2a i n d i c a t e s  t h e  r eg ion  of t h e  second 

scan when t h e  photometer f i r s t  looked through t h e  l a y e r ,  The 

second observa t ion  of t h e  l a y e r  i n  scan 2 is c a l l e d  2b. 

In  t h e  t a b l e ,  h is t h e  rocket a l t i t u d e ,  zo is t h e  he igh t  

of  maximum sodium dens i ty ,  

is t h e  maximum e r r o r  i n  zO. 

a l t i t u d e  from t h e  a t t i t u d e  a n a l y s i s  and 

p o s s i b l e  e r r o r  which r e s u l t e d  ( inc luding  precess ion ,  obse rva t iona l  

d i f f i c u l t i e s ,  e t c .  >. It is i n t e r e s t i n g  t h a t  t h i s  e r r o r  could 

( z o )  is t h e  d e n s i t y  t h e r e  and A za 

z was found t o  be t h e  most l i k e l y  
0 

A z o  was t h e  l a r g e s t  

no t  a f f e c t  t h e  shape of t h e  i n t e n s i t y  curves  because t h e  rocke t  

p recess ion  w a s  small i n  t h e  time i n t e r v a l  of a scan. 

In Figures  28 and 29 t h e  t h e o r e t i c a l  curves have been 
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Table I. Parameters used determine the t h e o r e t i c a l  models for 
each  can. dll scans used H,= H, = 2.5 k m .  

Scan - 
2a 

2b 

3a 

3b 

4a 

4b 

5a 

5b 

6a 

6b 

7a 

Racket Alt i tude  
(km, 1 

120.0 

120 . 3 

119 .4 

117.6 

114.7 

111.9 

108.3 

105 .I 
101.1 

97.8 

94.1 

Averages 

5 
-0 
(km. >' 

86.2 

91.8 

97 09 

93 -1 

91.0 

91-3 

87.8 

95 -1 

94.4 

93.5 

94.8 

92.4, 

I C  

#LE+ 
(at/cm ) 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

3.1 x 20 

2.5 x 10 

2.5 x 10 

2.5 x 10 

2.9 x i o  
2.9 x 10 

2.5 x 10 

3.5 x 10 

2.5 x 10 

3.9 x 10 

3.1 x 10 

4 2.8 x LD 
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d a t a  reduced t h e  e r r o r  t o  lese than 10% f o r  t h e  i n t e n s i t y  

measurementso 

In t h e  f i r s t  f e w  scans ,  t h e  dev ia t ion  of z from t h e  
0 

mean a l t i t u d e  was g r e a t e r  than for t h e  l a t e r  scans., 

have been due t o  t h e  f a c t  t h a t  t h e  a t t i t u d e  information w a s  worse 

in t h i s  reg ion ,  

t o  i n t e r p r e t  due t o  t h e  slower rocke t  r o t a t i o n ,  

This may 

Also t h e  experimental  d a t a  were more d i f f i c u l t  

The % i d d l s r l  sweeps ( 3a t o  3 were e a s i l y  matched t o  

t h e  t h e o r e t i c a l  models, 'Rie e f f e c t  of Rayleigh s c a t t e r i n g  was 

evident  a t  lower impact parameters because t h e  ins t rumenta l  s o l i d  

ang le  enabled d e t e c t i o n  of i n t e n s i t i e s  below the  l i n e  of s i g h t  

when t h e  d i s t a n c e  from t h e  rocket  w a s  large. Some pa tch iness  w a 8  

ev iden t ,  poss ib ly  due t o  inhomogeneities in d i f f e r e n t  parts of 

t h e  l a y e r ,  

below 75 km, 

"smooth layer1 '  d i s t r i b u t i o n  because a t  lower a l t i t u d e s ,  contr ibu-  

tions came from two d f f f e r e n t  s e c t i o n s  of t h e  l a y e r .  3b may have 

been s l i g h t l y  wider than  t h e  t h e o r e t i c a l  model, Other than t h e s e  

d i sc repanc ie s ,  t h e  f i ts  of t h e  t h e o r e t i c a l  model6 i n  t h i s  reg ion  

were q u i t e  good, 

In p a r t i c u l a r ,  4a showed a sha rp  decrease i n  i n t e n s i t y  

An e f f e c t  l i k e  t h i s  was no t  expla inable  by a 

As t h e  v e h i c l e  approached t h e  l a y e r ,  t h e  d a t a  gave 

evfdence of diverg ing  from t h e  exponent ia l  shape, 

6a showed a very  l a r g e  concent ra t ion  of sodium near  t h e  peak. 

If t h e  t h e o r e t i c a l  dens i ty  were inc reased  t o  f i t  t h e  observed 

i n t e n s i t y  a t  t h a t  point, i t  would have bees  impossible  t o  match 

t h e  d a t a  a t  lower impact parameters. Therefore ,  t h e  curve given 

in Figure  23 r e p r e s e n t s  a compromiseo 

I n  p a r t i c u l a r  

i n  13 t h e r e  w a s  a much 



b e t t e r  fit .  Scan 7a had t h e  worst agreement of a l l ,  This  w a s  

no t  s u r p r i s i n g  s i n c e  t h e  photometer w a s  v e r y  near  t h e  l a y e r  peak, 

The accuracy needed t o  determine t h e  rocke t  o r i e n t a t i o n  i n  t h i s  

case  w a s  simply n o t  available., 

In t h e  previous a n a l y s i s ,  t h e  comparison of  t h e  exper- 

imenta l  d a t a  t o  theory  was dependent upon t h e  a t t i t u d e  de te r -  

mination. There w a s  a s p e c i a l  case i n  which a t t i t u d e  information 

w a s  n o t  requi red .  This  case  occurred i n  each of t h e  scans  when 

t h e  photometer recorded t h e  maximum sodium emission, A t  those 

p o i n t s ,  only t h e  i n t e n s i t y  and t h e  rocke t  a l t i t u d e  were r e q u i r e d  

t o  ob ta in  a l a y e r  p r o f i l e .  The d i r e c t i o n  of observat ion f o r  t h e s e  

p o i n t s  is i n d i c a t e d  on t h e  r i g h t  s i d e  of F igure  30. As t h e  r o c k e t  

scanned t h e  sodium, t h e  d i r e c t i o n  of maxfmum i n t e n s i t y  w a s  t angent  

t o  t h e  l a y e r o  A p l o t  of t h e s e  p o i n t s  gave a measure of t h e  

sodium d i s t r i b u t i o n .  This p l o t  is shown i n  F igure  31 f o r  t h e  e i g h t  

s c a m  and t h e  p o i n t  when t h e  rocke t  t r a v e r s e d  t h e  l a y e r  on ascen t ,  

The t h e o r e t i c a l  curve f o r  t h e  average d i s t r i b u t i o n  is alsogiven.  

The decrease i n  i n t e n s i t y  a t  higher  a l t i t u d e s  w a s  caused by t h e  

f i n i t e  f i e l d  of view of t h e  instrument ,  The dashed curve shows 

t h e  cons tan t  i n t e n s i t y  f o r  an i n f i n i t e l y  small s o l i d  angle ,  

Thus agreement of experiment with t h e  t h e o r e t i c a l  model 

w a s  n o t  b a d  f o r  t h e  case when the  rocke t  o r i e n t a t i o n  w a 6  no t  

necessary  f o r  i n t e r p r e t a t i o n  of t h e  data. 

Another case ,  which w a s  r e l a t i v e l y  independent of rocke t  

a t t i t u d e ,  was r e a d i l y  a v a i l a b l e  from the  da t a .  This case  occurred 

between scans  when t h e  photometer w a s  l ook ing  away from t h e  e a r t h .  

Th-0 Eip-s1 Llt that time .n2E dependent 0r;ly on t h e  agproxiiiiate 
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Figure  30. Direc t ion  of observat ion for INa max (on r i g h t )  
and INa(350 zen i th  angle) .  
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va lue  of t h e  rocke t  z e n i t h  angle  ( wi th in  5' 

emission was from sodium above t h e  r o c k e t ,  The observa t ions  a r e  

depic ted  on t h e  l e f t  of Figure 30, Bls t h e  rocke t  descended 

through t h e  layer,  only t h r e e  scans y i e lded  information.  The 

o t h e r  scans  occurred a t  h igher  a l t i t u d e s  where t h e r e  was much 

less  sodium. 

i n  F igure  32 a long  with t h e  experimental  po in t s .  

i n t e n s i t i e s  t h e  s i g n a l  w a s  somewhat marginal with r e s p e c t  t o  t h e  

a m p l i f i e r  n o i s e  so t h a t  e r r o r  b a r s  were included.  The f i t  was 

accep tab le  wi th in  t h e  observa t iona l  e r r o r o  Thus t h e r e  w a s  

ano the r  p i ece  of information which supported t h e  experimental  

a n a l y s i s .  

because t h e  

The t h e o r e t i c a l  case f o r  t h e  average model is seen 

For t h e s e  low 

The ques t ion  which remains unanswered so far  is whether 

o r  n o t  t h e  d e v i a t i o n s  from t h e  average model w e r e  r e a l ,  O f  

p a r t i c u l a r  concern a r e  t h e  a l t i t u d e s  of maximum dens i ty ,  S ince  

each of t h e  scans  looked a t  a d i f f e r e n t  p l ace  in t h e  sky, i t  

shou ld  b e  p&r@XbLe t o  d s t e r m k e  whether os nu t  t&e a l t i t u d e  

of t h e  .layer Wais d i f f e r e n t  far ea& p lace ,  

To g e t  an i dea  of t h e  scope of t h e  v a r i a t i o n s  i n  t h e  

d i r e c t i o n  of observa t ion ,  consider F igu re  33e Shown is t h e  pro- 

j e c t i o n  of zo on t h e  su r face  of t h e  e a r t h  f o r  each sweep. 

i nc luded  is t h e  p l ace  where t h e  rocke t  t r a v e r s e d  t h e  l a y e r ,  

Rays are drawn from t h e  p o i n t s  of observa t ion  on t h e  t r a j e c t o r y  

t o  t h e  corresponding eo. 

t r e n d  o r  c o r r e l a t i o n  of a l t i t u d e  wi th  d f r e c t i o n  of observat ion,  

even though t h e  riart scans  gave an average impact parameter of 

Also 

There was appa ren t ly  no s i g n i f i c a n t  

92.9 km,  the ayemga of thz "?9%-as hi* Iii srdez. 
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t o  have seen a consistent  variation with direct ion,  i f  there w a s  

any, much be t ter  at t i tude  resolution was necessary, It 'appears 

that  the problem of a l t i tude  dependence of the layer on direct ion 

of  observation w i l l  not b e  resolved u n t i l  more information is 

obtained from future f l i g h t s ,  



I 

3.,0 THEORY 

Using a photochemical and edd$ d i f f u s i o n  model based on 

t h e  assumption of a non-local source f o r  t h e  s o d i u q a  daytime 

d e n s i t y  d i s t r i b u t i o n  is obtafned which is about  30% wider than 

t h e  t w i l i g h t  l a y e r  5 . The observed daytime l a y e r  w a s  much t o o  

narrow t o  be supported against t h e  e f f e c t s  of d i f f u s i o n  using a 

photochemical source.  To produce such a l a y e r ,  i t  is necessary 

t o  have an even more narrow source f o r  t h e  sodium. Then t h e  

removal mechanism must a c t  i n  a time which is less  than  o r  equal  

t o  t h e  d i f f u s i o n  time in orde r  t o  have a t h i n  dens i ty  d i s t r i b u t i o n .  

The c l a s s i c a l  theory  f o r  t h e  product ion of f r e e  sodium 

is t o  invoke ox ida t ion  at lower a l t i t u d e s  through 

N a  + O2 + M -  Ma02 + M kl (15) 

N a  + 0 + M- Naa + H k2 (16 

(17) k3 - Na + O2 3 N a  + 0 

and reduct ion  a t  h igher  a l t i t u d e s  by 

k4 Ra02 + 0 - NaO + O2 (18 1 

(19 k5 NaO + 0 N a  + O2 

The p o s s i b i l i t y  of a r eac t ion  with hydrogen is neglec ted  

s i n c e  0 is probably more than  two o rde r s  of magnitude g r e a t e r  

t han  H at  90 km. 

Recent ly  t h e  r e a c t i o n  of sodium and potassium w i t h  oxygen 
11 h a s  been i n v e s t i g a t e d  by Kaskan He found t h a t  t h e  r a t e  cons tan t  

f o r  t h e  t h r e e  body r e a c t i o n  involv ing  O2 is about 2 x Lo'33cm6/sec. 

t h i s  c e r t a i n l y  e l imina te s  (15) as a possible removal mechanism. 
u ,- .. 
xne ozone r e a c t i o n  is then t h e  most l i k e l y  candfdate s i n c e  U b J  
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is undoubtedly much slower . 
Another pous ib le  source  of removal w a s  suggested by 

Jones l2  a f t e r  t h e  discovery of &+ in t h e  atmosphere by 1 6 t O m h  13 

It i e  charge exchange by t h e  fol lowing process:  

Na + Mg+--Na+ + Mg eo) 

s e c t i o n ,  a d e n s i t y  of  10 4 3  /cm feads  t o  a removal mechanism which 

However as Jones p o i n t s  o u t ,  with a gas k i n e t i c  c r o s s  

is about one t h i r d  of the photo- ionizat ion r a t e .  

may be important i n  t h e  production of Na', i t  is not  e f f i c i e n t  f o r  

N a  removal. 

Although t h i e  

N a r c i s i  and Bailoy14 have measured i o n  d e n s i t i e s  in t h e  

D reg ion .  Thei r  data i n d i c a t e t h a t  sodium i o n s  are about a f a c t o r  

of 30 l e s s  abundant than 

i o n s  a8 a isource f o r  the  

r e s u l t s  is tha t  t h e  ione  

t h e  n e u t r a l  d i s t r i b u t i o n  

n e u t r a l  sodium, t h u s  e l i m i n a t i n g  t h e  

l a y e r .  The i n t e r e s t i n g  f e a t u r e  of t h e i r  

have a p r o f i l e  remarkably similar t o  

be low100 km. I comparison of t h e  two 

d i s t r i b u t i o n s  is given i n  Figure 34. 

discussed later. 

This comparieion w i l l  be  

Coupling t h e  above information t o  t he  f a c t  t h a t  t h e  day- 

t i m e  l a y e r  w a s  found t o  be higher than  o r  equal  t o  the t w i l i g h t  

l a y e r  sugges t s  t h a t  t h e  sodium h a s  a l o c a l ,  non-photochemical 

source .  To s a t i s f y  these requirements,  a model i S  proposed where 

charged dus t  p a r t i c l e s  containing sodium are concentrated i n  a 

v a r y  emall a l t i t u d e  i n t e r v a l  by a wind s h e a r  mechanism. 

t h e  daytime, s o l a r  r a d i a t i o n  l i b e r a t e s  sodium atoms from t h e  

d u s t  and t h e y  d i f f u s e  away u n t i l  t h e y  are e i t h e r  ox id i zed  by ozone 

or l on ized .  xne a t t r a c t i v e  f e a t u r e  of the moiiei is the a b i l i t y  t o  

During 

- 
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form extremely t h i n  l a y e r s  of dust  a t  the  zero-ve loc i ty  p o i n t s  

of t h e  h o r i z o n t a l  winds d e s p i t e  the e f f e c t s  of eddy d i f f u s i o n ,  

This process  involv ing  ions r a t h e r  than a e r o s o l s  has  been 

proposed as an explana t ion  of t he  Sporadic  E phenomena 15 16,17 e 

There is d e f i n i t e  experimental  evidence showing a c o r r e l a t i o n  

between Sporadic E and ionospheric  winds 18J9 , even though d i s -  

e repancies  e x i s t  i n  some of t h e  d e t a i l s .  In  p a r t i c u l a r ,  t h e  

i o n i z e d  l a y e r s  occas iona l ly  oeeur when t h e  h o r i z o n t a l  wind g rad ien t  
I 

is i n  t h e  wrong d i r e c t i o n ,  T h i s  sugges ts  t h a t  nega t ive  p a r t i c l e s  

may b e  forming a t  these  nodes and producing t h e  observed i o n i z a t i o n .  

However, t h e r e  a r e  no t  enough negat ive i o n s  t o  produce anywhere 

nea r  t h i s  e f f e c t .  Since dust p a r t i c l e s  may become nega t ive ly  

charged through f r i c t i o n a l  f o r c e s  and accumulate a t  t h e  "negativem 

nodes, t hey  may be  t h e  came of t h i s  second l a y e r ,  It is a l s o  

i n t e r e s t i n g  t h a t  i n  n e a r l y  all of t h e  observed eases ,  t h e  wind- 

g r a d i e n t s  a r e  such that t h e  ' 'poslt+veT3 l a y e r  forms i n  t h e  region 

of 110 t o  120 km., whereas t h e  second i o n i z a t i o n  peak fs 15 t o  

20 km, lower, nea r  where t h e  sodium d e n s i t y  is maximum, 

Due t o  t h e  above reasons  and t o  t h e  f a c t  t h a t  meteoric 

ions, which have a s m a l l  recombination c o e f f i c i e n t ,  a r e  l f k e l y  

t o  p l a y  a major r o l e  i n  t h e  process  c Axford and CunnoPd 18 , 
Conahrpe15), an i n t e r r e l a t i o n s h i p  between Sporadic  E, meteor 

a c t i v i t y ,  and t h e  sodium a i rg low would be expected, A c lose  

c o r r e l a t i o n  between Sporadic  E and meteor in f luxes '  has  been 

e s t a b l i s h e d  experimental ly  by and by Fiocco2'. The 

s i m i l a r i t i e s  a r e  remarkable, showing a s t r o n g  l i nkage  between 

t h e  two phenomena. Also t h e  seasonal  v a r i a t i o n  i n  frequency 



I . .  of Sporadic  E a t  temperate fo l lows  the  v a r i a t i o n  

fn radar meteor rates very  w e l l 2 4 ,  even though the data were 

no t  taken at  t h e  same place ,  To compare t h e  meteor r a t e s  and 

t h e  sodium abundances, t h e  ai rglow d a t a  of Blamont and Donahue? 

are considered. 

l e igh  s c a t t e r e d  continuum caused a sys t ema t i c  e r r d r  i n  t h e  re- 

It has  been found t h a t  p o l a r i z a t i o n  of t h e  Ray- 

duc t ion  of t h e  d a t a  from t h e  Zeeman photometer 9 a After co r rec t -  

i n g  f o r  t h i s  e f f e c t  t h e  l a r g e  seasonal  v a r i a t i o n  i n  t h e  daytime 

sodium abundance is removed. 

I n  F igure  35 t h e  cor rec ted  seasona l  v a r i a t i o n  is shown 

f o r  15 day averages over t h e  5 year per iod  from 1961 t o  1965. 

The s o l i d  l i n e e  i n d i c a t e  t h e  maximum and minimum va lues  of the 

sodium abundance. The meteor r a t e s  of Millman and McIntosh 

are inc luded  f o r  comparison . 
24 

There are s e v e r a l  observa t ions  which can be made. The 

February maximum i n  t h e  sodium abundance OCCUFS almost e x a c t l y  

a t  a t i m e  when an annual  dus t  shower is thought t o  take p lace  25 . 
The same t h i n g  happen6 i n  November where t h e  dus t  shower i s  

cons idered  t o  be a s soc ia t ed  w i t h  t h e  Leonid shower. Some of t h e  

o t h e r  f l u c t u a t i o n s  i n  t h e  abundance occur near  t i m e s  of  shower 

a c t i v i t y .  That there is not  an extremely c l o s e  r e l a t i o n s h i p  

between t h e  two is not  s u r p r i s i n g  f o r  t h e  fo l lowing  reasons.  

F i r s t ,  the  data were taken a t  two  d i f f e r e n t  p l aces  ( O t t a w a  

and Haute Provence ),  and second, o t h e r  f a c t o r s  such as wind 

and ozone v a r i a t i o n s  may a f f e c t  the sodium abundanceo 

t h e  sodium content  of t h e  dus t  showers may be a h igh ly  v a r i a b l e  

q u a n t i t y .  

Also 

This is  suggested by the f a c t  t h a t  i n  some yea r s  
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enhancements do not  occur. 

Another e f f e c t  was very  apparent  i n  t h e  r e - e v a l u a t i m  

of the sodium dayglow data.  

c a l l y  hfgher than  mornfng abundanceso 

were a v a i l a b l e  on the same day, 

t h r e e  h o m e  after noon >, t h e  average r a t f o  of a f te rnoon sodium 

t o  t h a t  i n  t h e  morning w a s  lo3’l., 

was t h e  a f te rnoon abundance less  than t h e  morning va lueo  

is n a t  yet  clesr what effect8 cause t h i s ,  al though t h e  abundanue 

increasemay 5 e  r e l a t e d  t o  t h e  r ae t e s r i c  influx, 

af ternoon abundance w e r e  systemati- 

h 80 eases where data 

three hours befo re  noon and 

In  only  15% of t h e  cases 

It 

301 Formation of the  Sodium Layer 

To o b t a i n  t h e  observed dens i ty  d f s t r f b u t i o n ,  t h r e e  pro- 

c e s s e s  are asBumed t o  be a c t i n g  on t h e  f r e e  sodium atoms: eddy 

d i f f u s i o n ,  product ion by a dus t  layer sourceband removal by ozone. 

In t h e  s t eady  s ta te ,  where t h e r e  is no n e t  change i n  d e n s i t y  wi th  

tfme, conservat ion of p a r t i c l e s  g ives  

where D 3.6 t h e  eddy d i f f u s i o n  c o e f f i c i e n t ,  is t h e  l i f e t i m e  

against  removal by ozonep and Q‘ z 1 fs a term r e p r e s e n t i n g  

product ion.  For b r e v i t y * s  sake t h e  n o t a t f o n  N ( R d  F Na = 

f ree  sodium atom d e n s i t y  has  been adapted,  Photo ioniza t ion  and 

charge  exchange a r e  neglec ted ,  compared t o  oxidat ion.  

I n  s o l v i n g  t h e  r a d i a t i v e  t r a n s f e r  problem, an e x c e l l e n t  

fit t . . ~  the e-erirnantal d a t a  was obta ined  by use of a m o d e l  
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cons i s t fng  of two exponent ia l ly  vary ing  func t ions  f o r  t h e  sodium 

dens i ty .  This r e q u i r a s  an extremely narrow source  f u n c t i o n  since 

the  s c a l e  h e i g h t s  w e r e  found t o  be 2,5 km, As a first apgroxi- 

mation t o  t h e  problem, a delta funetfon source  i s  t r i e d ,  

s t e a d y  state equation then becomes 

The 

(22) 

where N is t he  number of sodium t1compounds3T ( o r  t o t a l  amount of 

sodium contained in t he  meteors 

by t h e  d e l t a  func t ion ,  7: is t h e  l i f e t i m e  of  t h e  compounds ( time 

i n t e r v a l  i n  which they  can p a r t i c i p a t e  i n  t h e  process  >, and zg 

fs the a l t i t u d e  of maximum sodium dens i ty ,  

s o l u t i o n  is 

per cm2 i n  t he  l a y e r  def ined  

Whenever e f pig' t h e  

where + -used when z s e o g  - when e=za and H is I,/= 

cour se  t h i s  has assumed cons tan t  va lues  of XI and over t h e  

r e g i o n  of i n t e r e s t  and t h e  eame s c a l e  he igh t  f o r  both t h e  t o p  and 

bottom of t h e  l a y e r .  

e - € t o  zo + E , and then l e t  E go t o  aero.  This g i v e s  t h e  

fo l lowing  requirement f o r  the  sodium compound dens i ty ,  

Of 

Near z = I;,, we can i n t e g r a t e  (22) from 

0 



6 2 24 An appropr i a t e  va lue  for D w a s  found t o  be 2-6 x LO cm /sec 

H and Na(z ) were fuund experimental ly  t o  be 2.5 km, and 2.8 

I 10 atolks/ca3 , r e spec t ive ly .  Therefore if x’fi5 91 day, then  

10 2 rJ is about 3.9 x 10 /cm 

. 
0 

4 

The condi t ion  t h a t  t h e  oeone p ~ o c e s s  remove6 sodium h 

a time which is of the  order  o f  t h e  d i f f u s i o n  time iff 

or 

- 
If t h e  ozone d e n s i t y  a t  92 km, is 5*0 x r07/m3 and Il is 4 x 10” 

ca /sec. then k 

unreasonable  value.  

2 5s about 103 x P O - 1 2 ~ ~ 3 / s e ~ o t  c e r t a i n l y  not  an 
3 

me r e l a t i v e  merits of a 6 - f u n c t i o n  source w i l l  be  

d i scussed  i n  t h e  nex t  s ec t ion .  

3.2 Formation of Aerosol Layer 

To demonstrate t h e  a b i l i t y  of charged dus t  p a r t i c l e s  t o  

produce a t h i n  source  func t ion  for t he  sodium, a number of 

assumptions are made. They are t h e  fol lowing:  

(a) a s t eady  s ta te  exists SO t h a t  any n e t  change in momentum of 

the p a r t i c i e e  can be negiecied.  Ei3.s is ieaGoiS53.S s ince  t 5 e  gyre- 
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period6 and c o l l i s i o n  t h e e  a r e  s h o r t  compared with iner t ia l  effeeta. 

(b) I U 3.6 the  neutral wind v e l o c i t y  wi th  components only i n  t h e  

h o r i z o n t a l  d i r e c t i o n s ,  Experfmentaf evidence of meteor trails 27,28, 

and sodium vapor releasesa show negl igSble  v e r t i c a l  winds 

( c >  the earthO8 magnetic f i e l d  ie of cons tan t  magnitude and 

d i r e c t i o n  over the region of interest. 

(d)  e l e c t r i c a l  neutralfty is maintained, i . eo9  t h e  p o s i t i v e  

p a r t i c l e  and ion d e n s i t i e s  a r e  equal  t o  t h e  e l e c t r o n ,  nega t ive  

i o n ,  and nega t ive  p a r t i c l e  d e n s i t i e e ,  

(e>  =o and 

a / a e = d / d z ,  where x is taken t o  be t h e  d i r e c t i o n  of the  hor i -  

an  i n f i n i t e  lager is assumed so t h a t  d/d K- a/ay 

z o n t a l  component of 2 i n  a r i g h t  hand coord ina te  system, and e 

is a l t i t u d e .  Note t h a t  t h e  g d i r e c t i o n  is magnetic e a s t ,  

cf> t h e  p a r t i c l e s  are assumed t o  be uniform spheres. 

no t  very r e a l i s t i c  s i n c e  t h e y  can have p r a c t i c a l l y  any shape 

This is 

30 . 
T h i s  ascumption may apprec iab ly  aff s c t  t h e  drag f mce  

( g >  t h e  effects  of g r a v i t y  wlll b e  small compared t o  t h e  o t h e r  

f o r c e s  f o r  t h e  s m a l l  p a r t i c l e s  i n  t h i s  d i scussfon ,  

With these assumptions, t h e  equat ion of motion f o r  a 

charged p a r t i c l e  i n  t h e  Steady s ta te  fs 

where q and - V a r e  t h e  charge and v e l o c i t y  of t h e  dus t  p a r t i c l e ,  

F is t h e  d rag  f o r c e  a c t i n g  on it, and is t h e  p o l a r i z a t i o n  -d 

e l e c t r i c  f i e l d .  The drag  f o r c e  is given by 
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laass d e n s i t y  of air, A i e  t h e  p a r t i c l e  cross s e c t i o n ,  and Cd is 

t h e  appropr i a t e  drag  c o e f f i c i e n t ,  

With t h e  fo l lowing  d e f i n i t i o n s ,  

and 

where w is t h e  gyro frequency, >h?~ analogous t o  c o l l i s i o n  

frequency, and m is the p a r t i c l e  mass, t h e  equat ion of motion 

can be sepa ra t ed  i n t o  its Cartesian components and so lved  f o r  

Vx, V7, and Vz. 

s t a t e  t h e  p o l a r i z a t i o n  e l e c t r f c  f i e l d s  a r e  zero,  

equat ion8  result ' .  

Assuming t h a t  w / v  fs s m a l l ,  and i n  t h e  s t eady  

the  fo l lowing  

(30 

where @ fs t h e  magnetic d i p  angle. 

i n  Appendix B. 

These equationrp. a re  der ived  

Using t h e  above equat ions,  i t  is e a s i l y  shown t h a t  

W =&&r 
(32) 

and,  t h e r e f o r e ,  
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q is now defined as t h e  absolu te  va lue  of t h e  charge, s o t h a t  t h e  

upper s i g n  is used f o r  a p o s i t i v e  charge,  and t h e  lower s i g n ,  for 

a negat ive  charge. 

equat ions  hold under ord inary  circumstances. 

It is shown i n  Appendix B t h a t  t h e  above 

Appropriate va lues  f o r  t h e  q u a n t i t i e s  i n  ( 3 3 )  a r e :  B(92 km) 

is 0.5 gauss, (92  km. is lO-’gm/cm 3 , A = f l a 2 ,  where a i s  t h e  par- 
4 e 

t i c l e  r a d i u s ,  U S U = 10 cm/sec , e= 45’. 
t o  ),U - - VI/ G, where 

C i s  about 2.5. S u b s t i t u t i n g  t h e s e  va lues  i n t o  (331, Vll = 

7 x lo6 q’/a . U t h  q = 1 e . ,  and a = 10 cm. , V is about 

Since C is p ropor t iona l  
X Y  e d 

is t h e  mean molecular speed, t h e  va lue  of 

d 
-7 

z 
8.9 x 10 3 cm/sec. 

Thus t h e r e  is an a l t i t u d e  v a r i a t i o n  i n  v e r t i c a l  v e l o c i t y  

which tends  t o  concent ra te  nega t ive ly  charged p a r t i c l e s  a t  t h e  

z e r o  v e l o c i t y  po in t  i n  t h e  r eg ions  where t h e r e  is a p o s i t i v e  

g rad ien t  i n  t h e  east-west n e u t r a l  wind and p o s i t i v e  p a r t i c l e s  

a t  t h e  node of a negat ive  grad ien t .  

Due t o  t h e  dependence of Vz on e=, a l a t i t u d e  v a r i a t i o n  

i n  t h e  sodium abundance should b e  expected. However, t h i s  e f f e c t  

may be masked by a dependence o f  h o r i z o n t a l  winds, ozone, and 

d u s t  i n f l u x  on l a t i t u d e .  

3.3 Densi ty  Di s t r ibu t ion  of Sodium Source 

Due t o  t h e  lack of knowledge o f  many of t h e  spatial  
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parameters and t i m e  cons t an t s  of meteoric  dust and e s p e c i a l l y  of 

t h e i r  phys i ca l  p r o p e r t i e s ,  a q u a n t i t a t i v e  theory  is at tempted by  

making a number of assumptions, many of which are c e r t a i n l y  not  

very r e a l i s t i c ,  

In formulatfng t h e  d f s t r i b u t i o n  problem, i t  is assumed, 

fo l lowing  Whitehead15, t h a t  t h e  east-west component of t h e  n e u t r a  

wind v a r i e s  s i n u s o i d a l l y  with a l t i t u d e ,  and, t h e r e f o r e  t h e  ve r t i cd l  

v e l o c i t y  of t h e  charged p a r t i c l e s  can b e  r ep resen ted  by 

where & is t h e  v e r t i c a l  "wavelengthf1 of t h e  movement, and Vo 

is given by Va (max). 

of dus t  p a r t i c l e s  is  zero  i n  the  s t eady  s t a t e ,  t h e  dus t  dens i ty ,  

M , i s  given by  

Then ff t h e  r a t e  of i n c r e a s e  i n  d e n s i t y  

where D is t h e  eddy d i f f u s i o n  c o e f f i c i e n t ,  Tm is t h e  l i f e t i m e  of 

t h e  dus t  spec ie s ,  and %is  a term r e p r e s e n t i n g  product ion of dus t .  

S ince  sodium is probably imbedded i n  t h e  dus t  p a r t i c l e s ,  t h e  l i f e -  

t i m e  of t h e  sodium compoundis def ined as t h e  l i f e t i m e  of t h e  dus t  

o r  t h e  time i n t e r v a l  i n  which the dus t  p a r t i c l e  can take p a r t  i n  

product ion ,  and, t h e r e f o r e  T,=x Recombination of p o s i t i v e  

p a r t i c l e s ,  e l e c t r o n  detachment from nega t ive  p a r t i c l e s  and vapor- 

i z a t i o n  are p o s s i b l e  l o s s  mechanisms f o r  t h e  dust .  

i n t roduc ing  a new v e r i i c a i  scale s9 defEiieZ by 



we have M given as 

where 

and 

$, -ALL- 
L - XW.3 

To s o l v e  t h i e  equat ion  f o r  Pl(&l, t ne  va lues  01 

known. 

dust p a r t i c l e s ,  i t  can only b e  es t imated  a t  t h e  p re sen t  t i m e ,  

Assuming t h a t  t h e  source  is meteoric ,  an enhanced con t r ibu t ion  

from % d u r i n g  t imes of high a c t i v i t y  would be expected u n l e s s  

is small. 

which may be ev iden t  i n  t h e  daytime sodium abundance as suggested 

by t h e  morning-afternoon r a t i o  of  1.31, 3;' is probably of  t h e  

o r d e r  of a day. 

enhancement e f fec ts  would be completely damped out ,  Now t h e  

r a t f o  of t h e  t r a n s p o r t  ra te  t o  t h e  removal rate is  given by 

ana S,,,must be  

Since $ r e p r e s e n t s  d i r e c t  popula t ron  of  sodium-containing 

? I  
Because of t h e  l a r g e  d i u r n a l  v a i r a t i o n  i n  meteor rates':' 

%could no t  be much g r e a t e r  than  M/r , o r  any 
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If Vo were about 10 3 cm/see and a were 10 km, then B would be  

given by 

R =: 6,28 10-3 (42 1 

With 

and very  l i k e l y ,  t h e  d i r e c t  populat ion term, 

h i g h l y  v a r i a b l e  quan t i ty ,  depending upon many parameters, as 

has been shown. In  any case,  l ack ing  any o the r  information 

about  t hese  q u a n t i t i e s ,  i t  w i l l b e  a s s t m e d t h a t  s and M/$ a r e  

small compared with t h e  e f f e c t s  of wind s h e a r  and d i f fus ion .  

This corresponds t o  t h e  case where t h e r e  i s  no production and 

loss and t h e  p a r t i c l e s  a r e  rearranged i n  space by d i f f u s i o n  and 

Lorentz  fo rces .  

about one day, we can c e r t a i n l y  neglec t  t h e  loss term, 

However, Vo is a 

Thus t h e  p a r t i c l e  equat ion becomes 

I n t e g r a t i o n  y i e l d s  

(44 1 

where C must vanish f o r  a so lu t ion  which has  a maximum a t % =  0. 

The s o l u t i o n  of t h i s  f i r s t  order  equat ion is 

(45 1 
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f 

As l o n g  as R/L is l a r g e ,  (45) is a near -de l ta  func t ion  d i s t r i b u t i o n  

( a t  least compared t o  t h e  sodium d f s t r f b u t i o a  1, 

The po in t  of ha l f  maximum d e n s i t y  occurs  when 

5 cos-'(+L) R (46 1 

3 6 2  With Po= 10 cm/sec, % =  10 km, and D = 2 , O  x 10 c m  / sec ,  z-!a 

is about 250 rn. 

0 

4 If Vo is 10 cm/sec, z-B is about 80 m, 

Whenever R/L is not  l a r g e ,  t h e r e  a r e  two o t h e r  metho& 

0 

of s o l u t i o n .  F i r s t ,  as many d e l t a  func t ion  sources  as a r e  

necessary  t o  r ep resen t  t h e  source func t ion  can be used i n  (22). 

Each equat ion can be  solved s e p a r a t e l y  and t h e  s o l u t i o n s  added 

t o  o b t a i n  t h e  t o t a l  d e n s i t y  func t ion  f o r  sodium, Secondly, t h e  

sou rce  func t ion  (45) may be  s u b s t i t u t e d  d i r e c t l y  f o r  q ( z ) ~  Izlcs. 

boundary condi t ion  

can be  used and t h e  problem solved numerical ly .  

t h e  p re sen t  time these  t ed ious  methods of s o l u t i o n  a r e  no t  

warrented due t o  t h e  meager knowledge of s o  many parameters,  

I n  any case,  a t  

The e f f e c t  of a f i n i t e  source width i s  t o  widen t h e  

sodium d e n s i t y  d i s t r i b u t i o n  a p ropor t iona l  amount. As l o n g  as 

t h e  width of t h e  source  is less than ao5 k m . ,  t h e  experimental  

u n c e r t a i n t y  i n  t h e  sodium d i s t r i b u t i o n  h a l f  width,  the del ta  

f u n c t i o n  approximation is no t  bad, 

To o b t a i n  quanta t ive  information; P fs defi_n_ed BE the 
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average number of sodium compounds pe r  meteor. 

determined by us ing  t h e  delta func t ion  condi t ion  f o r  t h e  source  

and t h e  value of f. 

Then M ( 0 )  can b e  

That 3.8, 

or upon i n t e g r a t i n g ,  

e 

where Jo is t h e  zero th  order  Bessel func t ion .  This  has  assumed 

t h a t  a l l  of t h e  sodium compounds i n  a dus t  p a r t i c l e  can p a r t i c -  

i p a t e  in product ion,  t h a t  f is a cons tan t  f o r  a l l  p a r t i c l e s ,  and 

t h a t  t h e  reg ion  over which t h e  averaging has  been done is large 

enough so t h a t  t h e  average number of sodium compounds can be 

l i n e a r l y  r e l a t e d  t o  t h e  dus t  p a r t i c l e  dens i ty .  

For l a r g e  va lues  of R/L, Ja (-5. R/L) may be  given by 

its aeymtot ic  form: 

and then  

To g e t  an approximate value f o r  f, t h e  fo l lowing  form 

is assumed, 
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f =1“% (52) 

where p is t h e  f r a c t i o n a l  p a r t  of t h e  meteor which is sodium, 

m is t h e  meteor m a s s ,  and % fs t h e  mass of “he sodium compoun 

For s p h e r i c a l  p a r t i c l e s  of r ad ius  a9  f can be  w r i t t e n  as 

The b e s t  a v a i l a b l e  information concerning p is from chemical 

a n a l y s i s  of chondr i t e s  31 ‘Phese ana lyses  a s s i g n  t o  p a va lue  of  

about  O.* f o r  t h e  compound Na20. However observa t ions  of Hunten 

and S u l l i v a d i !  i n d i c a t e  t h a t  t h e  percentage of sodium may be  much 

h ighe r  i n  meteors,  providing t h a t  t h e  o t h e r  m e t a l l i c  atoms have 

t h e  same source.  The percentage is probably a func t ion  of t h e  

type of meteor. 

There is a l s o  considerable  u n c e r t a i n t y  fn t h e  densSty of  

meteors,  Values have been theor ized  ranging  from 0,05 gm/cm 3 25 

t o  about  5.0 gm/cm 33. The l a t t e r  is  a t y p i c a l  va lue  f o r  

me teo r i t e s .  L ike ly  d e n s i t i e s  seem t o  be i n  t h e  reg ion  of 0,2 t o  

0.5 gm/cm 34’35 although t h e r e  is undoubtedly a spectrum present .  

There is a l s o  a spectrum of  p a r t i c l e  s i z e s  p re sen t  as shown by t h e  

d a t a  of Soberman and Hemenway . The p a r t i c l e  s i z e  i s  heav i ly  30 

weighted in t h e  d i r e c t i o n  of decreasing r a d i u s ,  wi th  most of t h e .  

p a r t i c l e  radii lesa &an 10-bcm. 

a l t i t u d e  range of 75 km. t o  95 km. and r e p r e s e n t  an average over 

t h a t  i n t e r v a l ,  Their  r e s u l t s  agree with t h e  c a l c u l a t i o n s  of 

The d a t a  were c o l l e c t e d  over an 
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I ' .  
Rosinski and 

produced by meteoric  d i s i n t e g r a t i o n  is i n  t h i s  s i z e  range, 

who show t h a t  secondary p a r t i c u l a t e  matter 

With Vo propor t iona l  t o  q % /a e 7: = 1 day, N a b o ) ,  a m  

found experimental ly ,  A= 1 0  km., D =: Z x 10 6 2  cm /sec,  f as given 

i n  (531, and eo= 92.4 km,, 

shown i n  F igures  36 and 37 f o r  two va lues  of 

t h e  meteoric  d u s t  d e n s i t y  is as 

f' (0.44 and  3.0 

The meteoric  
M 

gm/cm 3 ) and two va lues  of p (205% and 5 o O % ~ ) ' . o  

charge ha8 been assumed t o  b e  1 e- . per  p a r t i c l e ,  

is t h e  p a r t i c l e  r a d i u s ,  

The parameter 

I n  Figures  38 and 39, t h e  same va lues  of 

t h e  va r ious  q u a n t i t i e s  a r e  u s e d  except t h a t  t h e  charge. is a r b i -  

t r a r i l y  assumed t o  vary as t h e  r a d i u s ,  with q propor t iona l  t o  

2 -7 -7 a f o r  a >  10 cm. and q = 1 e f o r  a = 10 cm,  Tc is a l s o  

assumed t o  be p ropor t iona l  t o  a2 f n  order  t o  t ake  i n t o  account t h e  

l o n g e r  l i f e t i m e  of a multi-charged p a r t i c l e ,  The widths  a t  h a l f  

maximum d e n s i t y  a r e  ind ica t ed  for t h e  wider d i s t r i b u t i o n s ,  V 

is a l s o  given f o r  each d i s t r i b u t i o n ,  

0 

Obviously t h e  case where M(z) ))I 10'"/cm3 cannot p a r t i c -  

i p a t e  i n  t h e  process  s i n c e  t h e  dus t  p a r t i c l e s  a r e  charged, If 

t h e i r  d e n s i t i e s  were normally g rea t e r  than t h e  e l e c t r o n  den- 

s i t i e s ,  t h e  dus t  l a y e r  would have been observed as a prominant 

f e a t u r e  of t h e  D reg ion  of t h e  ionosphere.  However enhancement 

d u r i n g  a dus t  shower may cause a v i o l a t i o n  of t h i s  boundary con- 

d i t i o n ,  and a lower Sporadic E phenomena.. may take p lace ,  

Because of t h e  manq unknowns, t h e s e  d e n s i t y  d i s t r i b u t i o n s  

cannot be taken t o o  s e r i o u s l y ,  For example, t h e r e  must be  a Dirge 

dependence of sodium percentage,  o r  charge,  o r  bo th  on meteor 

aies %n m d e r  t n  prevent the very s m a l l  p a r t i c l e s  from completeXy 
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overwhelming t h e  process ,  If the time constant  f o r  depos i t i ng  

dus t  i n t o  t h e  source  reg ion  were def ined as 

"0 

then t h i s ,  too,  r e q u i r e s  a g rea t e r  weight t o  be placed on the  

heav ie r  p a r t i c l e s  because of t h e  small v a l u e s  of $ 

sma l l e r  ones. 

f o r  t h e  

There seems t o  be l i t t l e  problem i n  supplying t h e  nec- 

e s s a r y  amount of  meteoric material. Mass i n f l u x e s  f o r  meteors 

a r e  estimated t o  be from 2 x 10°15@/cm 2 -sec 37 to 2 l ~ - ~ ~ ~ /  

2 cm -sec 380  This can be compared t o  

M # / 5  
T c 

(55 1 

which is t h e  ma88 i n f l u x  for a p a r t i c l e  of m a s s  % O  

w r i t t e n  as 

This may be 

Taking 

v i o u s l y  given va lue  of N, t h e  mass i n f l u x  r equ i r ed  is about  

10u15gm/cm 8ec. 

t o  be about 1 day, p= 2,576, t oge the r  w i t h  the  pre- 

2 Thus anywhere from 5% t o  50% of t h e  incoming 

material must p a r t i c i p a t e  i n  the process  for t h i s  model. Th i s  

requirement  stems from t h e  small va lue  of f. Since f is probably 

a f u n c t i o n  of t h e  meteor type ,  t h e  i n f l u x  should be i n t e g r a t e d  

ove r  a l l  d i s t r i b u t i o n s .  In any case,  t h i s  model has  no t  v i o l a t e d  
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So far t h e  e f f e c t  of neu t r a l  d u s t  p a r t i c l e s  has  been 

neglected.  If t h e  charged p a r t i c l e s  are removed by d i s in t eg ra -  

tion, t h e r e  is no e f f e c t  by t h e  n e u t r a l s o  However, i f  neu t r a l -  

i z a t i o n  is t h e  removal process ,  t h e  n e u t r a l  p a r t i c l e s  w i l l  

remain i n  t h i s  a l t i t u d e  r eg ion  f o r  a time of the o rde r  of t h e  

d i f f u s i o n  time. If t h e  l i fe t ime o f  t h e  charged dus t  a g a i n s t  

recombination is  about a day, then t h e  n e u t r a l s  w i l l  no t  have 

much effect  a t  t h e  dens i ty  peak. In  genera l ,  t h e  n e u t r a l s  w i l l  

t end  t o  widen t h e  sodium l a y e r  because they  produce a wider 

source.  This  reduces t h e  densf ty  requirement on t h e  source  

b u t  i n c r e a s e s  t h e  sodium removal condi t ion.  If t h e  p a r t i c l e s  

a r e  charged many times, t h e  n e u t r a l s  w i l l  have n e g l i g i b l e  e f f e c t ,  

U n t i l  experimental  evidence i s  obtained, i t  w f l I  be  assumed 

t h a t  t h e  r o l e  of non-charged dus t  i s  r e l a t i v e l y  minor, 

It is t o  be  noted that  the p o s s i b i l i t y  of t e l l u r i c  

sources  of dus t  (such as volcanos) cannot b e  r u l e d  out  s i n c e  

t h e  theo r i zed  processes  could a c t  equa l ly  w e l l  on them, However, 

i t  is  much more p lausable  t h a t  at  t h e s e  h e i g h t s  t h e  dus t  is 

ex t ra - te r res t r ia l  i n  o r ig fn ,  

Sea water has  prev ious ly  been suggested as a p o s s i b l e  

sou rce  of sodium i n  t h e  upper atmosphere. It is not  c l e a r ,  under 

t h e  p re sen t  circumstances,  how i t  could produce a model c o n s i s t e n t  

w i th  t h e  experimental  observat ions,  a l though Chapman and Kendall 

have suggested a process  involving water vapor and dus t  which can 

produce a narrow a e r o s o l  l a y e r  i n  t h e  n o c t i l u c e n t  cloud problem. 

However, t h e i r  c a l c u l a t i o n s  i n d i c a t e  a layer  formation a t  about  

80 km, which is  too  low f o r  sodium product ion,  

43 
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304 Sodium Ions 

The phys ica l  p rocesses  a c t i n g  on sodium i o n s  are  d i f f u s i o n ,  

photochemistry,  and wind e f f e c t s ,  S ince  t h e  i o n s  have been 

observed t o  be  about 30 t i m e s  l e s s  abundant than f ree  atoms, 

(Figure 34) t h e  removal r a t e  must b e  a t  least  30 t imes fas ter ,  

The r a t e  must be even g r e a t e r  if t h e  dus t  i s  also a source of 

ions. However, below 105 km. the  ions  have a profile very c lose  

t o  t h a t  of t h e  n e u t r a l  d i s t r i b u t i o n .  Therefore ,  i n  t h i s  reg ion  

a s t e a d y  s t a t e  s o l u t i o n  w i l l  be  sought t o  s a t i s f y  t h e  observed 

r a t i o .  

d e n s i t y  r a t i o  s i n c e  t h e  observat ions were made a t  d i f f e r e n t  

t imes and places .  In view. of the f a c t  t h a t  t hese  observa t ions  

are t h e  only ones so far ,  they  w i l l  t e n a t i v e l y  be used f o r  corn- 

par i son .  

Caution must be  exercised i n  s a t i s f y i n g  t h e  ion-atom 

Ph_ntnrh_pmicaL1:, ~ r n ~ - w ~ + f n ~  7J3+ W f l L  kp b y  

+ 
jl N a  + h-y -Na + e 

and N a  + X’ -Ea + X 

Removal can be accomplished by 

+ 
k6 O 

N a +  + e -PJa + h y  Qe (59 1 

~ a +  + x + M---F~x ( 6 0 )  + 
k7 

“9 

+ I.? 

N a +  + XY +NaX+ + Y ka (61 1 

(62 1 N a +  + X- -Ea + X 
The production r a t e  a t  95 km. is  about 2.3 x LO -5 /sec,  i f  

-10 3 

Thus t h e  removal ra te  must 

j, is about 2.0 x 10’5/sec, kS is 3.0 x 10 

Mg+, having a d e n s i t y  of 1 0 4 ~ a t o m s  /cm3, 

be about 6.9xIOw4/sec. 

c m  /sec and X+ is 

(59 )  can c e r t a i n l y  be ignored,  If X were 

(57 1 

(58 1 
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0 in (601, then with an oxygen dens i ty  of 5.0 x 10 f l 3  /cm a t  

95 km, and an M d e n s i t y  of 10 13 /ctu39 kg would have t o  b e  about  

1,4 x 10-28txu6/eec which is unl ike ly ,  

a probable  prospect  e i t h e r  because i t  r e q u i r e s  a ra te  of 1,4 

Molecular oxygen is n o t  

x 10-29cm6/eec f o r  an O2 d e n s i t y  of  500 XI 10 12  /cm 3 For t h e  

mutual n e u t r a l i z a t f o n  r e a c t i o n ,  an upper l i m i t  of U -6 cm 6 /see 

3 f o r  k 

high.  

r e q u i r e s  a negat ive  fon  dens i ty  of: 690/em 

Thus a good candidate  f o r  removal fer (61) with ozone as 

which is f a i r x y  9 

t h e  reagent .  For  an 0 d e n s i t y  of 500 x 10 7 3  /cm at  95 k m ,  k8 
3 

would have t o  be 1,4 x IOY1'cm3/sec. This c e r t a i n l y  is no t  an 

unreasonable va lue  f o r  an  ion-molecule r a t e ,  The problem he re  

is t h a t  Na', having a c losed  e l e c t r o n i c  s h e l l ,  is no t  l i k e l y  

t o  form an i on  of e i t h e r  N a U  OF Na02" 

a p p l i e s  t o  t h e  t h r e e  body r e a c t i o n s o  However, r e c e n t l y  Mann 

has  exDerimentally found NaO' t o  be a s t a b l e  molecular i o n  so 

t h a t  p o l a r i z a t i o n  e f f e c t s  probably p lay  an  important r o l e ,  

The above values of t he  oxida t ion  ra tes  fop Na' may then be 

This ob jec t ion  also 

39 

p o s s i b l e  ,, 

One o t h e r  p o s s i b i l i t y  f o r  Na' loss would be c o l l i s i o n s  

wi th  dus t  p a r t i c l e s .  However, n e u t r a l i z a t i o n  by negat ive  dus t  

p a r t i c l e s  would occur only near  t he  cen te r  of t h e  l a y e r  where 

t h e r e  is  a l a r g e  concent ra t iono  Even w i t h  a very  l a r g e  c r o s s  

s e c t i o n  f o r  t h i s  process ,  t h e r e  remains t h e  d i f f i c u l t y  of 

g e t t i n g  r i d  of t h e  ions  a t  higher  a l t i t u d e s ,  where t h e  dus t  is 

cons iderably  l ess  abundant than  a t  t h e  peako 

The experimental  r e s u l t s  of N a r c i s i  and Bai ley  14 showecP a 

large inc rease  i n  ion  d e n s i t y  above 105 krn. Unfortunately,  
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t h e i r  rocke t  d i d  not  reach an a l t i t u d e  high enough t o  g ive  t h a  

complete ion d%str%bntfon,  

by t h e  f a c t  t h a t  a t  theee  he igh t s ,  r educ t ion  of NaO, and i n  tu rn ,  

i o n i z a t i o n  of N a  predominate BO t h a t  most of t h e  sodium is in t h e  

ion ized  state, 

d i f f u s i o n ,  which can quick ly  t r a n s p o r t  Nae  t o  t h e  h igher  regions. 

Support ing evidence f o r  wind shear  concent ra t ion  of t h e s e  i o n s  

w a s  given by Pharo et.al!!O "heir r e s u l t s  followed N a r c i d  and 

Ba i l ey ' s  except t h a t  t h e i r  r o c k e t t r r v e r s e ' d t h e  i o n  maximum at  

113 km. 

wide ) t h a t  it ie d i f f i c u l t  t o  see  how anyth ing  o t h e r  than a 

wind shear could produce t h e  d i s t r i b u t i o n ,  

spec t rometer  s e n s i t i v i t y  w a s  t o o  low t o  d e t e c t  l?a+. 

r 

The rise i n  d e n s i t y  could be caused 

More l i k e l y  is t h e  e f f e c t  of wind s h e a r  and 

The concent ra t ion  of Mg' w a s  so narrow ( l e s s  than 1 km, 

Unfortunately,  t h e i r  

The t r a n s p o r t  r a t e  f o r  t h i s  mechanism may be def ined  as 

where Vzf is t h e  v e r t i c a l  i on  v e l o c i t y ,  and 

t h e  process .  Vsi is given by 

h is t h e  s c a l e  of 

where w i  and 

ions15. 

If '$b is 7.0 x 10 /sec,  and U J ~  is 2-2 x 10 /sec. f o r  Na+ 

wi th  4 =45 and = lo  km, 

))i a r e  t h e  gyro and c o l l i s i o n  f r equenc ie s  f o r  

This has  assumed t h a t  Wi/& is s m a l l  compared t o  (Wi/Pi)? 

2 2 then  
0 



With Urn- 10 2 cm/sec near  t h e  dens i ty  peak, Jws is 2.2 x 10 -5 /eec, 

somewhat emaller than r equ i r ed  by product ion,  Thus i n  t h e  r eg ion  

of t h e  peak, t h e  ozone process  will be more e f f e c t i v e  i n  removing 

the ions .  which 

v a r i e a  very  l i t t l e  near 95 k m .  However v e r t i c a l  t r a n s p o r t  be= 

comee i n c r e a s i n g l y  important w i t h  h e i g h t  r each ing  a maximum a t  

Na+ decreases  much f a s t e r  wi th  a l t i t u d e  than 0 3' 

. This  shoa ld  occur near  105 km. where Na' ha8 a minimums *EWmax 

The product ion and removal processes  become equal  when UEw is 
3 about 3.0 x 10 cm/sec. The ions a r e  then  t r anspor t ed  t o  t h e  

oppos i t e  node a t  about 112 km. where they  w i l l  have a maximum 

dens i ty .  The condi t ion  f o r  t h i s  rearrangement t o  take p l a c e  

i s  that t h e  v e r t i c a l  g rad ien t  i n  t h e  h o r i z o n t a l  wind be i n  t h e  

proper  d h e c t i o n ,  

ment f o r  concent ra t ing  negat ive  dus t  p a r t i c l e s  a t  t h e  sodium peak, 

This condi t ion  i s  c o n s i s t e n t  with t h e  requi re -  

The problem with t h e  foregoing d i scuss ion  is t h a t  t h e  

loss mechanism a t  h igher  a l t i t u d e s  must be  very  fast  i n  o rde r  t o  

prevent  a large build-up of' fons.  Again a l i k e l y  candidate  is 

ox ida t ion  by ozone, The ozone dens i ty  must be 

- 
T 

(66 1 

where Jws i e  t h e  wind shea r  r a t e  averaged over 

Assuming kg is 1.4 x 10~11cm3/sec9 then i f  Tws 
5 ozone d e n s i t y  would have t o  be 701 x 10 /cm3 a t  112 km, 

probably  l a r g e r  than  t h i s ,  so t h a t  t h e  amount of ozone must b s  

rws is  

one wavelength. 

is 10-5/sec, t h e  

v e r y  l a r g e .  

%err mnro &pfngent IE the removal requirement f o r  t h e  
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o t h e r  ions ,  no tab ly  Mg'* which has a d e n s i t y  of about  10 4 3  /cm a t  

112 km, 

t o  be  s t a b l e ,  t h e  t h r e e  body r e a c t i o n  (60) with 0 may be important  

a t  h igher  a l t i t u d e s ,  

In any case ,  u n t i l  more information about t h e  r e a c t i o n s  

Due t o  t h e  f a c t  t h a t  NaQ" has been found experimental ly  

invo lv ing  alkalai  i o n s  is obtained, t h e  removal problem is fas 

from be ing  closed.  

3.5 Twil ight  and Night Sodium 

On t h e  day of t h e  f l i g h t ,  t h e  Zeeman photometer gave a 
9 2 t w i l i g h t  abundance of 4.7 x 10 atoms/cm while  t h e  daytime 

va lue  w a s  about t h r e e  t imes l a r g e r ,  The t w i l i g h t  l a y e r  w a s  

about  3.8 km. wider ( f u l l  wid th)  than t h a t  dur ing  t h e  day and 

had lower a l t i t u d e  than t h e  average daytime he igh t  by  3,2 km, 

t c r  It ertill seems l i k e l y  t h a t  t h e  i n c r e a s e  i n  t h e  0 3 
I* c 

0 r a t i o  suggested by  Blamont and Donahue" can account f o r  t h e  

day t o  t w i l i g h t  abundance change. 

t h e  s p a t i a l  d i s t r i b u t i o n  should vary i n  t h i s  way, 

However, it i s  n o t  c l e a r  why 

Perhaps t h e  

effect  i e  due t o  changes i n  t h e  n e u t r a l  wind c h a r a c t e r i s t i c s .  

18 Rosenberg et.al. found a s l i g h t  decrease i n  t h e  a l t i t u d e  of 

t h e  east-west wind s h e a r  node a f t e r  s u n s e t ,  Also t h e  magni- 

t ude  of t h e  g rad ien t  tended t o  decrease toward t w i l i g h t .  

Both of t h e s e  e f f e c t s  a r e  i n  the  r i g h t  d i r e c t i o n  t o  expla in  

t h e  observa t ions .  

Before formula t ing  a q u a n t i t a t i v e  comparison of day and 

t w i l i g h t  r e s u l t s ,  however, it i s  necessary  t o  check t h e  v a l i d i t y  
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up by a ground based photometer. 

technique r e a l l y  g ives  t h e  d i f f e rence  i n  a l t i t u d e  between t h e  

sodium and a sc reen ing  l a y e r  which is l o c a t e d  by c a l c u l a t i o n s  

of a t t e n u a t i o n  of s u n l i g h t  traversing a i r  and ozone 

This is because t h e  t w i l i g h t  

To exp la in  t h e  ex i s t ence  of n ight t ime sodium is a l s o  

somewhat d i f f i c u l t .  

between one and  two orders  of magnitude so t h a t  even if N a  17 

be ing  produced a t  t h e  same rate  a t  n i g h t  as i t  is  dur ing  t h e  day, 

i t  would s u f f e r  a l a r g e  decrease i n  dens i ty ,  Since t h e  e f f e c t e -  

of s o l a r  r a d i a t i o n  are no longer  p re sen t ,  another  source  of sodium 

must be found. A l i k e l y  candfdate is r e a c t i o n  (19) invo lv ing  

NaO and 0, 

sodium t hus  produced were exc i ted ,  So far its r e a c t i o n  ra te  

has  n o t  been measured. If (19) is f a s t ,  then i t  is probable  t h a t  

t h e  photochemical-diffusion theory of Blamont and Donahue is a 

v a l i d  d e s c r i p t i o n  of the  n i g h t  processes ,  

The inc rease  i n  ozone a t  n igh t  may be  

In  f a c t  this may produce t h e  n igh t  glow f f  t h e  free 

Support f o r  t h i s  p o s s i b i l i t y  i s  rendered by t h e  NRL 

r o c k e t  observa t ions  41942 which i n d i c a t e d  an emission r eg ion  

near 90 km. which was very broad compared t o  t h e  dayglow l a y e r ,  

Th i s  would b e  expected from photochemical cons idera t ions .  



4 -0 CONCLUSIONS 

1 

The sodium dayglow w a s  measured on September 26 ,  1964, 

by means of a rocke t  experiment. 

come from an extremely t h i n  l a y e r  of f ree  sodium atoms centered  

a t  about  92.4 km. 

cm3 a t  t h e  cen te r  and decreased in a l t i t u d e  with a s c a l e  he igh t  

of 2.5 km. A comparison w i t h  the  t w i l i g h t  l a y e r  on t h e  same dky 

y ie lded  a 3 t o  1 d i u r n a l  v a r i a t i o n  i n  t h e  sodium abundance, The 

t w i l i g h t  l a y e r  w a s  found t o  b e  s l i g h t l y  lower than t h a t  du r ing  

t h e  day. These r e s u l t e  are incons i s t en t  w i t h  a photochemical ex- 

p l ana t ion  of t h e  source of sodfum. Therefore ,  a new model fs 

propoeed t o  account f o r  t h e  observed d i s t r i b u t i o n  i n  terms of a 

very  t h i n  l a y e r  of charged, sodium-containfng dus t  p a r t i c l e s  

which can l i b e r a t e  meteoric atoms through t h e  a c t i o n  of s o l a r  

r a d i a t i o n .  In t h e  s teady  s ta te ,  t h e  f ree  atoms a r e  confined t o  

a small reg ion  about t h e  sou rce  l a y e r  because ozone ox id izes  

them before  they  can d i f f u s e  very far,  

The r a d i a t i o n  w a s  found t o  

4 
The sodium dens i ty  was about 2,8 x 10 atoms/ 

A q u a n t i t a t i v e  ca l cu la t ion  has  been performed t o  see i f  

the d u s t  p a r t i c l e s  can a c t  as the  o r i g i n  of t h e  sodium, Under 

s i m p l i f i e d  cond i t ions  i t  was found t h a t  such a source is po8ai- 

b le .  However, t h e  r e s u l t e  were hindered by a lack of knowledge 

of many parameters.  In  p a r t i c u l a r ,  t h e  i n f l u x ,  res idence  tfme, 

and phys ica l  c h a r a c t e r i s t i c s  of meteoric  d e b r i s  need t o  b e  

determined. Also l a b o r a t o r y  measurements of t h e  chemical r e -  

a c t i o n  rates are needed t o  j u s t i f y  o r  exclude t h e  proposed 

processes .  
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Experimental i n v e s t i g a t i o n s  of t h e  p re sen t  t heo ry  can be  

made i n  several fo rds .  

sodium photometers, and meteor r a & r  equipment operated a t  t h e  

same p lace  could supply information concerning t h e  c o r r e l a t i o n  of 

Ground based experiments such as ionosondes, 

Sporadic  E, sodium dayglow, and meteor rates. 

c a r r y i n g  sodium photometera, i o n  mass spec t rometers ,  and a e r o s o l  

d e t e c t o r s  with high a l t i t u d e  r e s o l u t i o n  and s e n s i t i v i t y  would pro- 

vide  d i r e c t  in format ion  about t h e  D reg ion  processes .  

In a d d i t i o n ,  r o a k e t s  

Future  p l ans  inc lude  t h e  f l i g h t  of  two  more sodium ex- 

per iments ,  one t o  be launched a t  t w i l i g h t  t o  ob ta in  information 

about t he  l a y e r  a t  t h a t  t i m e .  The second is t o  be flown la te r  

du r ing  t h e  same day t o  observe t h e  corresponding dayglow. This. 

program will y i e l d  d i r e c t  information about t h e  d i u r n a l  v a r i a t i o n s  

of sodium. 



APPENDIX A 

A method has  been developed t o  determine t h e  d i r e c t i o n  

of observa t ion  of a l a t e r a l l y  mounted rocke t  experiment, 

a p p l i c a b l e  only under specialized condi t ions .  

are t h e  fol lowing:  very  l i t t l e  or no rocke t  precess ion  and a t  

least  two re fe rence  p o i n t s ,  such as t h e  horizon or t h e  sun,must 

b e  ob ta inab le  from t h e  photometer ou tput ,  

rocke t  is  given by r ada r .  

ho r i zons  and t h e  sun vec to r  were obvious from t h e  white  l i g h t  

d a t a  ( see Figure 13 >. The per iod of rocke t  r o t a t i o n  can b.e 

e x t r a c t e d  from t h e s e  p o i n t s  b y a v e r a g i n g t h e  va r ious  t i m e  in -  

t e r v a l s  between them, Agreement of t h e  s p i n  r a t e  t h u s  de te r -  

mined with t h a t  given by t h e  solar senso r s  w a s  e x c e l l e n t ,  The 

per iod  of r o t a t i o n  i s  given in Figure 40, 

It is 

These c o n d i t i o n s  

The a l t i t u d e  of t h e  

F o r  the p re sen t  experiment, bo th  

The geometry of t h e  s f t u a t f o n  is shown fn Figure 41, 

e is t h e  rocke t  zen i th ,  and h f a  t h e  rocke t  a l t i t u d e ,  Y1 in- 

d i c a t e s  t h e  d i r e c t i o n  where t h e  photometer is looking  a t  t h e  

lowes t  po in t  on t h e  l a t e r a l  o r  sp in  p lane ,  

where t h e  photometer is looking  w i t h  an impact parameter z above 

t h e  s u r f a c e  of t h e  e a r t h  and 7 is  t h e  ang le  between Y1 and Y2. 

C is t h e  c i r c l e  which d e f i n e s  the i n t e r s e c t i o n  of t h e  l a te ra l  

p l a n e  and t h e  sphere def ined by t h e  r a d i u s  Ra+ z, 

ing equat ions  are evident  from t h e  f i g u r e :  

Y2 is t h e  d i r e c t i o n  

The follow- 
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Figure 41. Geometry f o r  attitude reduction method using white 
light data. 
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1 ' .  
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I 

u3 = Y, s e c y  

It is c l e a r  from t h e s e  r e l a t i o n s h i p s  t h a t  t h e  zen i th  a n g l e  of t h e  

rocke t  is given by 

or 

A t  t h e  horizon,  z=O and = '& so t h a t  

Thus t h e  impact parameter of the  d i r e c t i o n  of observa t ion  is 

o b t a i n a b l e  i f  t h e  horizon poin t  can be l o c a t e d ,  a long  wi th  t h e  

minimum of t h e  l a te ra l  p lane ,  

For t h e  p re sen t  f l i g h t ,  was ze ro  when t h e  photometer 

observed t h e  r e f l e c t i o n  of t h e  sun i n  t h e  ocean. Then i f  t h e  

r o c k e t  had a cons tan t  per iod  of r o t a t i o n ,  T, 

given by 

would have been 



? 
100 

where At i8 t h e  time i n t e r v a l  in going from 9 =Q t o y  

S h a e  T was a f u n c t i o n  of t, 

? = 360"  

met be given 88 

('14 1 

Unfortunately t h e  horizon p o i n t s  could not  be determined 

e t h  s u f f i c i e n t  accuracy s i n c e  the  s o l i d  ang le  e f f e c t  i n t e g r a t e &  

out  t h e  f n t e n e i t y  d i s t r i b u t i o n .  Thus t h i s  method could no t  b e  

used t o  f i n d  z. 

mined and used i n  conjunct ion with the  azimuth and z e n i t h  ang le s  

of t h e  v e h i c l e  obta ined  by t h e  magnetometer and sun sensor  data. 

However, ?y could still  be found. It w a s  de te r -  

If precess ion  is presen t ,  i t  cannot be  taken i n t o  account 

by t h i s  method. However, t h e  a n a l y s i s  w a s  still performed and 

t h e  l i m i t i n g  e r r o r s  were ca lcu la ted ,  

smaller than those  involved i n  the s o l a r  sensor-magnetometer 

epin evalua t ion .  

They were found t o  be  much 
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APPENDIX B 

The equation of motion for a charged dust particle ia 

With the definition of w and p given in (291,  and noting that 

B -0, we separate the above equation into cartesian components: Y‘ 

Y ’ (  - v Z ) + % E L  - V y  w  COS^ S O  (78 1 

Solving these f o r  Vx9 V and Bz, the following equations result, 
Ye 

(80 1 
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If w / $  is small and t h e  p o l a r i z a t i o n  e l e c t r i c  f i e l d s  are 

e e r o  ( or a t  least  %+ << UL then  

(82 1 

The second assu@ption is j u s t i f i a b l e  on t h e  grounds t h a t  in a 

conductfng medium in a s t eady  s t a t e ,  t h e  f i e l d s  are aero, The 

second term fn V 

as w /r, is s m a l l .  In gene ra l  U J / -  is s m a l l  enough t h a t  V, 

is n e g l i g i b l e  wnen ti 

may be  neglected compared t o  the  first as l o n g  
B 

Y= "* 

There is one o the r  case  of i n t e r e s t .  That is when b o t b  

p o s i t i v e  and nega t ive  p a r t i c l e s  are p r e s e n t ,  

would tend  t o  s e p a r a t e  them u n t i l  a v e r t i c a l  e l e c t r i c  f i e l d  58 

se t  up. 

concen t r a t ion  of p a r t i c l e s  a t  &e nodes. This  is because t h e  

f i e l d  would prevent  a l a r g e  sepa ra t ion ,  However, c a l c u l a t i o n s  

showed t h a t  t h e  sma l l e s t  poss ib l e  e l e c t r i c  f i e l d  caused by t h e  

s h e a r  mechanism is many o r d e r s  of  magnitude g r e a t e r  than t h e  

p o l a r i z a t i o n  f i e l d .  

p o l a r i z a t i o n  is important because ( W /  '3 Ifon can exceed uni ty .  

The wind s h e a r  

If t h e  f i e l d  were s t r o n g  enough, t h e r e  would be no 

In t h e  base of p o s i t i v e  and negat ive  ions ,  

To s e e  t h e  condi t ions  under which u) / d  is  s m a l l ,  i t  



58 noted that 

and that  [ U - L  ooeurs when V % U Then from (78) - Y Y' 

Under extreme conditions,  which in general do not occur, the 

minimum value of I - -  U-VI demands that V x 5  Up and thus, 

I u -Y I N I I J  = I V&A# e (87 1 

-7 Under these circumstances, with q= 1 e- L, a = 10 cm, and 

valuee of the other factors  a s  given after (331, ( W / J  Ax is 
found t o  be about 0.1. If q becomes large ,  and V x  = U=simultan- 

eouely with V = U then the smallness assumption does not hol& 

However this is extremely unlikely,  
Y Y' 
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